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Concrete-filled steel tube (CFT) column is a composite structure that consists of a steel tube with 
concrete infiled, which has been widely used in many modem structures for the excellent 
performance of high strength, stiffness and ductility. 
Behaviors of CFT columns have been extensively studied. One of the primary concerns in 
previous researches is the ultimate capacity of CFT columns. It has been realized that a well-
established compressive strength model of confined concrete is important for accurately predicting 
the ultimate capacity of CFT columns. In previous researches, models of actively-confined concrete 
were widely adopted in the researches of CFT columns and some design codes. Such models were 
developed based on the experimental test, in which specimens were subjected to a constant 
hydrostatic lateral pressure. However, when a CFT column is compressed axially, the lateral stress of 
the concrete is not constant but increases with the compressive stres. Relationship between the lateral 
stress and compressive stress of confined concrete is known as confinement path. The different 
confinement paths between the actively confined concrete and concrete in CFT column may result in 
different confinement effects, leading to a different compressive strength. Thus, reasonability of 
modelling the concrete in CFT columns by using the models of actively confined concrete is doubtful. 
Another important issue of CFT columns is the load-deflection relationship, to obtain which lots of 
models, including 3D Finite element model (FEM), design-oriented models and analysis-oriented 
models were proposed. It should be noted that al these existing models were generally developed by 
calibrated with the experimental tests, in which most of the specimens are small-size. In practical 
engineering, large-size columns are used, behaviors of which generally differ from small-size 
columns due to size effect. Thus, the applicability of existing models for large-size CFT column is 
doubtful. Additionally, as discussed above, the compressive strength of confined concrete could be 
influenced by its confinement path, which, however, is not considered in the existing analysis-
oriented model since actively-confined concrete model is used. 
The confinement paths of confined concrete in CFT columns and size effects on the behaviors of 
CFT specimens are investigated in this research, based on which, models incorporating the influence 
of confinement path and size effects are proposed. Several important conclusions obtained in this 
research are briefly summarized as: 
1). Confinement path of confined concrete in a CFT column is affected by the parameters of 
column such as unconfined concrete strength, steel strength and Dlt ratio. 
2). Confinement path effect on the compressive strength of confined concrete is significant for 
the concrete under the confinement path with a small laterally dominant index, which however could 
be neglected if the laterally dominant index exceeds 0.5. 
3). A compressive strength model incorporating the confinement path effect was developed for 
the confined concrete in a CFT column. 
4). The existing 3D FE model predicts conservative results for large-diameter columns. A unified 
FE model applicable to both the small-and large-diameter CFT stub columns is proposed. 
5). Size effect on the behavior of core concrete in the CFT column is found mitigated due to the 
confinement effect resulting from the steel tube. 
6). A new design-oriented models incorporating the size effects for axially loaded circular CFT 
i 
columns are proposed, which are found to perform well for both small-and large-size CFT columns, 
and more accurate than the existing models. 
7). A new analysis-oriented model incorporating the influence of confinement path and size is 
proposed, which is found to perform well for both small-and large-size specimens and more accurate 







CHAPTER 1. INTRODUCTION 
1.1. Background 
In practical construction, steel and concrete are the two most used materials. Concrete-filled steel 
tube (CFT) column is a composite structure that consists of a steel tube with concrete infilled. Because 
the steel with a much greater modulus of elasticity than the concrete, lies farthest from the centroid, 
where it makes the greatest contribution to the moment of inertia, the stiffness of the CFT is greatly 
enhanced [1]. Also, the steel tube confines the concrete, resulting in an increase of column strength. 
The concrete bears the compressive loading in typical applications, and it can either prevent or at 
least delay local buckling of the steel tube. This mutual interaction between concrete and steel tube 
makes CFT column exhibit an excellent performance of high strength, stiffness and ductility [2]. Thus, 
they are widely used in the construction of high-rise buildings, bridges and subway platforms. 
There are many types of CFT columns, e.g。,circular, square and elliptical columns, among which 
circular CFT column is the most commonly used one for its good confinement effect. One of the 
primary concerns ofCFT column in practical engineering is its ultimate capacity, which can be given 
as: -
凡=hc4'+ hzA. (I.I) 
where Nu is the ultimate strength of columnふ isthe compressive strength of confined concrete項z
is the axial strength of steel tube; Ac andふ arethe sectional areas of concrete and steel tube, 
respectively. 
Eq. (1) suggests that for well predicting the ultimate strength of CFT columns, the compressive 
strength of confined concrete is should be known. In early researches, to understand the behavior of 
confined concrete, experimental tests in which the concrete specimen were subjected to a prescribed 
constant hydrostatic fluid lateral pressure, known as actively-confined concrete, were extensively 
conducted, based on which numerous models of confined concrete, e.g. Richart [3] and Mander et al. 
[4], have been proposed. These models are widely adopted in the researches of CFT columns and 
some design codes, e.g., AIJ [5]. For actively confined concrete, specimens were subjected to a 
constant hydrostatic lateral pressure. However, when a CFT column is compressed axially, the lateral 
stress of the concrete is not constant but increases with the compressive stress. Relationship between 
the lateral stress and compressive stress of confined concrete is known as confinement path. The 
different confinement paths between the actively confined concrete and concrete in CFT column may 
result in different confinement effects, leading to a different compressive strength. Thus, 
Reasonability of modelling the concrete in CFT columns by using the models of actively confined 
concrete is doubtful. For clearly understanding the behaviors of CFT columns, the confinement path 
of confined concrete in CFT columns should be investigated. 
Another important issue of CFT columns is the load-deflection relationship, to obtain which lots 
of models, including 3D Finite element model (FEM) [6], design-oriented models [7] and analysis-
oriented models [8] were proposed. The 3D FEM models implemented via commercial software, e.g., 
Abaqus, were generally developed by calibrated with experimental test results. Design-oriented 
models were mainly proposed based on the results of test or those generated by 3D FEM model, in 
which the lateral stress was assumed to be constant. Analysis-oriented models simulate the varied 
lateral stress of confined concrete in CFT column by substituting the lateral stress in actively-confined 
concrete model with the varied lateral stress of confined concrete calculated by analytical method. It 
should be noted that al these existing models were generally developed by calibrated with the 
experimental tests, in which most of the specimens are small-size. In practical engineering, large-size 
columns are used, behaviors of which generally differ from small-size columns due to size effect. 
Thus, the applicability of existing models for large-size CFT column is doubtful. Additionally, as 
discussed above, the compressive strength of confmed concrete could be influenced by its 
confinement path, which, however, is not considered in the existing analysis-oriented model since 
actively-confined concrete model is used. For well modelling the load-deflection relationship of CFT 
columns, the potential influence of column size and confinement path should be investigated and 
incorporated in the models. 
1.2.0bjectives and organization 
The objectives of this dissertation would be: 
(1). To investigate the confinement path of confined concrete in CFT columns and clarify the 
relationships between the confinement path and compressive strength of confined concrete; 
(2). To investigate the behaviors of large-size CFT columns and probe into the potential size 
effects; 
(3). To propose the load-deflection models of CFT columns incorporating the influences of 
confinement path and size effect. 
Background & objectives 
(Chapter 1) 
Confinement paths of confined concrete in circular 
concrete loaded CFT stub columns subjected to axial load 
(Chapter 2) 
Numerical study of the behaviors of axialy loaded 
large-diameter CFT stub columns 
(Chapter 4) 
Confinement paths of confined concrete in axialy loaded 
circular CFT stub columns 
(Chapter 3) 
Design-oriented stres-stain models for axialy loaded 
circular CFT stub columns considering the size efects 
(Chapter 5) 
Analysis-oriented models for axialy loaded circular CFT stub 
columns considering the confinement paths and size efects 
(Chapter 6) 
Summaries and conclusions 
(Chapter 7) 
Fig. 1.1. Organization of this dissertation 
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For the purpose, seven chapters will be covered in this dissertation. The organization~an be 
seen in Fig.1.1, and given as follows: 
In chapter two, experimental test with a total of 18 circular concrete loaded CFT stub columns 
subjected to axial compression was conducted, based on which the confinement path of concrete and 
its relationship with the compressive strength were investigated. 
In chapter three, the confinement path of concrete in whole-section-loaded CFT columns and its 
relationship with the compressive strength were investigated, based on which a compressive model 
was proposed. 
In chapter four, a unified FE model that is applicable to both small-diameter and large-diameter 
CFT stub columns is proposed, based on which size effects on the behaviors of CFT columns are 
investigated. 
In chapter five, the 3D FE model proposed in chapter four is used to generate effective stress-
strain curves of steel and concrete. Based on comprehensive parametric studies of the generated 
results, a design-oriented model, including effective stress-stain model of stel tube and concrete 
incorporating size effect, was then developed through regression analysis. 
In chapter six, the effective stress-stain model of concrete was used to investigate the difference 
of lateral stress between passively-and actively-confined concrete with same axial strain and stress, 
based on which an analysis-oriented model was proposed. 
In chapter seven, the conclusions will be summarized. 
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CHAPTER 2. CONFINEMENT PATHS OF CONFINED CONCRETE IN CIRCULAR 
CONCRETE LOADED CFT STUB COLUMNS SUBJECTED TO AXIAL LOAD 
2.1. Introduction 
Concrete-filled steel tube (CFT) columns are widely used in the construction of high-rise 
buildings, bridges and subway platforms. The restraining effect of the concrete can either prevent or 
at least delay local buckling of the steel tube. Moreover, confinement resulting from the steel tube 
increases the strength of the concrete. This mutual interaction between concrete and steel tube makes 
CFT column exhibit an excellent performance of high strength, stiffness and ductility [1]. 
There are many types of CFT columns. Of interest herein are circular CFT stub columns, which 
are considered to offer good post-yield axial ductility [2] and are commonly used in many modem 
structures. Researches on circular CFT columns have been ongoing worldwide for decades, and 
various researchers [3-16] have made significant contributions to the ultimate capacity and load-
deformation relationships of CFT columns, which are the two primary concerns in practical 
engineering. It has been realized that a well-established compressive strength model of confined 
concrete is important for accurately predicting the ultimate capacity and plays an essential role in 
establishing the load-<leformation relationships of CFT columns [ 17]. 
Many models of compressive strength of confined concrete have been developed, and the best 
known is that proposed by Richart [ 18] who used a confinement factor to characterize the confinement 
effect of concrete, namely, 
he = fc+ ka-m (2.1) 
where/cc is the compressive strength of the confined concrete;fc is the unconfined concrete strength; 
aru is the ultimate lateral stress; k isthe confinement factor, for which a value of 4.1 was generally 
adopted. 
Although Eq. (2.1) is relatively simple and in common use, the confinement factor k has been 
found to vary between 2.6 and 7 with the confining pressure and the unconfined concrete strength 
[7,19-21]. Other compressive strength models of the confined concrete have been also proposed by 
many researchers, e.g. Mander [19] and Attard [22]. All such models were developed based on the 
experimental tests of actively confined concrete, in which specimens were subjected to a prescribed 
constant hydrostatic fluid lateral pressure. These models are widely adopted in the researches ofCFT 
columns [3-5,10,23,24] and even in some current codes [25]. However, when a CFT column is 
compressed axially, the lateral stress of the concrete is not constant but increases with the compressive 
stress due to the lateral expansion of the concrete. The relationship between the lateral stress and 
compressive stress of confined concrete is known as the confinement path. Obviously, the 




Lateral stres Lateral stres Lateral stres 
Compresive stres 
(a). General path-a 
Lateral stres 
Compresive stres 
(d). Multistep path-b 
Compresive stres 
(b). General path-b 
Lateral stres 
Compresive stres 
(g). Incremental path 
Compresive stres 
(c). Multistep path-a 
Lateral stres 
Compresive stres 
(h). Trilinear path 
Fig.2.1 Confinement paths in previous studies 
The effects of confinement path were investigated by Imran and Pantazopoulou [27] and Lu and 
Hsu [31 ]. The confinement paths studied in these studies are shown in Fig.2.1. It should be noted that 
the confinement paths shown in Fig.2.l(a) and (b) are generally adopted in the test of actively 
confined concrete. In Fig.2.l(a), the lateral stress was increased initially to a target value and then 
kept constant, whereupon the compressive stress was applied [26-29]; In Fig.2.1 (b), the compressive 
and lateral stresses were simultaneously increased to a target value, then the lateral stress was kept 
constant [20,30]. Besides the two general paths, multistep path, incremental path and trilinear path, 
as shown in Fig.2.1, are also investigated. In these studies, compressive strength of confined concrete 
was found basically path-independent. However, in their tests the confinement paths of confined 
concrete were al prescribed and different from those in CFT columns. Furthermore, in their tests, a 
significant lateral stress was applied in the very initial stage, whereas for confined concrete in a CFT 
column it has been found that no significant lateral stress develops before the compressive stress 
reaches the value of 0.8/c [32]. 
It has been found recently that the compressive strength of confined concrete in a CFT column 
differs from that of actively confined concrete under an equivalent lateral stress [33,34]. Also, it has 
been pointed out that the constitutive relations of concrete established from tests with active 
confinement are incapable of describing the behavior of concrete under passive confinement because 
of the different confinement paths between the two confinement schemes [32,35,36]. This indicates 
that the compressive strength of confined concrete in a CFT column may be influenced not only by 
the ultimate lateral stress but also by its confinement path. To date, however, the confinement paths 
in the CFT columns and the quantitative evaluation on the confinement path effects have not been 
investigated in detail. 
In the present paper, for a better understanding of the compressive strength of confined concrete 
in a CFT column, the confinement paths of confined concrete in concrete loaded CFT stub columns 
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subjected to axial compression are investigated and then the effects of confinement paths on the 
compressive strength of confined concrete are discussed. This paper is organized as follows: In 
section 2, dependence of the compressive strength on the confinement paths is demonstrated, and two 
evaluation indices, namely, the laterally dominant index and the effect index, are proposed to 
characterize the confinement path and confinement path effect on the compressive strength of 
confined concrete, respectively; In section 3, the method for determining the confinement path is 
illustrated and details of an experimental program with a total of 18 specimens are introduced; In 
section 4, the confinement paths of confined concrete in CFT columns and the effects of confinement 
paths on the compressive strength are discussed; In section 5, the conclusions are drawn. 
2.2. Evaluation methods of confinement paths and corresponding effects 
2.2.1. Confinement path dependence of compressive strength 
Typical confinement paths of confined concrete are shown in Fig.2.2. In the figure, the 
confinement path of confined concrete in a CFT column could be indicated by Pi (OBD). Path Pa 
(OAD) is one of the typic confinement paths adopted in the test of actively confined concrete and 
could be consider as the upper boundary path of Pi. Accordingly, the lower boundary path is indicated 
by Po (OCD). 
Without loss of generality, denote the compressive strength of confined concrete under 
confinement path Pi as: 
Ice =fc十△if(P;,a-ru) (2.2) 
where△ if(P;,o-ru) is the increased strength of the concrete under confinement path P; ・
. For confinement path Pa(OAD), because the lateral stress of AD part increases the compressive 
strength of the concrete, tif is positive; that is, 
















。 P。 ;;,• 
Compressive stress 
Fig.2.2 Typical confinement paths of confined concrete 
Meanwhile, for the confinement path Po (OCD), it is clear that there is no increase in strength, 
because the lateral stress of part OC is zero and that of part CD does not increase the compressive 
strength. That is, 
4/(Po,a-ru) = 0 (2.4) 
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Although the ultimate lateral stresses lJru of path Pa and Po are the same, the parts of increased 
strength~fare totally different, which could only be explained by the different effects of confinement 
paths between Pa and Po. That is, the confinement path may significantly affect the compressive 
strength of confined concrete. 
2.2.2. Laterally dominant index and effect index of confinement paths 
To investigate the confinement path of confined concrete and its effect upon the compressive 
strength, two evaluation indices are used [21 ]. From the Fig.2.2, it can be known that the lateral stress 
for path凡 issignificant during the whole loading process, which for path Po is on the contrary. 
Therefore, when path Pi gets closer to path Pa, the lateral stress for path Pi becomes more significant 
and will be in a more dominant state. 
Firstly, the dominance degree of the lateral stress in a confinement path凡 ischaracterized by a 





where S(Pi) is the area enclosed by paths Pi and Po. The two boundary conditions of the lateral stress 
domination index are SJ(Po) =O and SJ(Pa) =1. 
In Eq. (2.5), a higher value of SJ means the area enclosed by path Pi and Po is larger, which means 
path Pi is closer to path Pa, thus leading to a more significant lateral stress. That is, the lateral stress 
will play a more dominant role in the confined concrete for the confinement path with a higher value 
of SI. 
Secondly, to predict the effect of confinement path upon the compressive strength of confined 
concrete in a CFT column, an effect index A was defined as: 
,l(P,) = 
!),.j(P,<Yru) 
!),.j(P._ ,<Y ru) 
(2.6) 
where~i{Pi,CJ"ru) is the increased strength of the concrete under confinement path Pi, namely 
~j{Pi,CYru)咲c—Jc, where fc is the compressive strength of confined concrete; ~f{Pa,CYru), based on 
regression of the test of confined concrete under confinement path Pa in previous studies[21 ], is given 
as 2.2Jc03伽゜・81.It should be noted that the confinement path Pa is one of the typic paths adopted in 
the test of actively confined concrete, which can be achieved by using a triaxial cel. The cel was 
hydraulically operated, details of which can be seen in Ref. [16]. 
In Eq. (2.6), A(Pi)-:11.0 means the influence of path Pi on the increased strength differs from that 
of path Pa. That is, the compressive strength of confined concrete is path-dependent. The greater the 
deviation between the effect index and unity, the more significant the confinement path effect. On 
the contrary, as for the confinement path Pi that is different from Pa, A(Pi) = 1.0 means the influence 
of path P; on the increased strength (or compressive strength) is completely the same with that of path 
Pa. In other words, A(Pi) =1.0 means the compressive strength of the confined concrete is independent 
of confinement paths. 
To evaluate the laterally dominant index以Pi),the increased strength of actively confined 
concrete under path Pa, namely~f{Pa,rrru), should be determined firstly, which obviously could be 
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easily obtained by removing the unconfined concrete strength from the compressive strength of 
actively confined concrete. Compressive strength models of actively confined concrete have been 
Table 1. Test results of confined concrete under path Pa 
No. /c(Mpa) <Yru(Mpa) /cac(Mpa) Refs. No. ./c(Mpa) 叩 (Mpa) feac(Mpa) Refs. 
1 60 2.29 80.61 44 32.6 1.5 45.5 
2 60 5.30 97.58 45 32.8 4.5 55.3 
3 60 8.31 107.64 46 32.8 ， 65。7
4 60 20.29 156.88 47 32.8 30 124.5 D=150mm, 
5 60 29.32 193.24 48 32.8 60 192.9 H=300mm 
6 60 23.30 172.05 49 38.5 1.5 47.8 (Sfer et al. 
7 60 11.32 121.60 50 38.8 4.5 58.2 [28]) 
8 60 14.33 136.83 51 38.8 ， 66.5 ， 92 3.78 129.36 52 38.8 30 129.3 
10 92 8.30 155.63 53 38.8 60 205.10 
11 92 12。82 181.17 
D=55.5mm, 
54 51.6 5 75.1 
12 92 17.33 194.27 H=llOmm 55 51.6 5 68.9 
13 92 21.85 208.74 (Xie et al. 56 51.6 5 75.2 
14 92 26.28 234.65 [26]) 57 51.6 7.5 84.6 
15 92 16.50 199.80 58 51.6 7.5 79.3 
16 92 35.50 261.11 59 51.6 10 91.2 
17 92 44.44 293.47 60 51.6 10 96.4 
18 119 6.07 172.31 61 51.6 10 92.1 
19 119 12.02 212.18 62 51.6 15 115.2 
20 119 17.97 225.86 63 51.6 15 111.6 
21 119 24.04 250.97 64 51.6 15 116.9 
22 119 29.99 261.80 65 51.6 20 135.1 
23 119 36.06 280.96 66 51.6 20 136。7
24 119 47.96 316.30 67 51.6 20 135.4 
25 119 59.98 367.35 68 51.6 25 158.4 
D=63mm, H 
26 28.6 1.05 33.60 69 51.6 25 158 = 126mm 
27 28.6 2.1 36.37 70 51.6 25 158.4 (Lim and 
28 28.6 4.2 48.08 71 128 2.5 139.7 Ozbakkaloglu 
29 28.6 8.4 65.15 72 128 2.5 146.5 [29]) 
30 28.6 14.7 92.26 73 128 5 156.2 
31 28.6 21 114.50 74 128 5 156.1 
32 47.4 2.15 57.65 75 128 7.5 172 
33 47 4.3 67.30 D=54mm, 76 128 7.5 175 
34 47.4 8.6 83.59 H=l15mm 77 128 10 179.1 
35 47.4 17.2 118.07 (Imram and 78 128 10 181.9 
36 47.4 30.1 161。06 Pantazopoul 79 128 15 203.1 
37 47.4 43 204.70 
OU [27]) 
80 128 15 199.1 
38 73 3.2 96.13 81 128 20 227.5 
39 73 6.4 108.70 82 128 20 225.1 
40 73 12.8 125.60 83 128 25 244.2 
41 73 25.6 168.60 84 128 25 241.4 
42 73 38.4 203.95 
43 73 51.2 240.50 
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proposed by certain researchers, i.e. Richart [18], Xiao et al. [37] and Lim et al. [38]. However, 
Richart et al. used relatively weak concrete, meaning that their model may not make good predictions 
for specimens with high strength concrete. Although the models of Lim and Xiao were both 
established based on a large amount of test data of actively confined concrete, the database they used 
also included the tests conducted under the path shown in Fig.2.1 (b). Because~j{P a,CYru) is essentially 
the increased strength of actively confined concrete under Pa, to obtain~/{Pa,CYru), the data of actively 
confined concrete under path Pa only should be used. 
For this purpose, a test database with a total of 84 specimens of actively confined concrete under 
path Pa (test data under the path in Fig.2.1 (b) are excluded) is assembled from the published literatures 
[26--29]. The test data cover cylinder specimens with the unconfined concrete strength ranging from 
28.6 MPa to 128 MPa and lateral confining stress ranging from l.05MPa to 59.98 MPa. Details of 
the test data are given in Table 1. 
From a regression analysis, the compressive strength of confined concrete under path Pa is given by: 
fcac = fc +2.2J/・3CYru O.BI (2.7) 
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Fig.2.3 Comparison of experimental results with the present model 
Comparison of the experimental results with those calculated using the proposed model is shown 
in Fig.2.3. The mean and COV (coefficient of variance) of the ratio of calculated strength to 
experimental strength are 1.0006 and 0.0683, respectively. 
The results indicate that Eq. (2.7) provides a good prediction of the compressive strength of 
actively confined concrete under path Pa. By removing the unconfined concrete strength Jc from the 




Substituting Eq. (2.2) and (2.8) for Eq.(2.6), effect index入(P、)can be calculated by: 





2.3. Experimental test to investigate confinement paths 
2.3.1. Determination of confinement paths 
Experimental tests were conducted to investigate the confinement paths, and to obtain the 
laterally dominant index and effect index of confinement path in the paper. The confinement path of 
confined concrete is indicated by the curve of lateral stress (Di-) verse normalized compressive stress 
of the concrete with respect to unconfined concrete strength ([cふ）. The determination of confinement 
path from the test results is described below. 
The lateral stress of the concrete can be calculated based on the force equilibrium condition of 




where D is the diameter of the column; t isthe thickness of the steel tube; 0r and on are the lateral 
stress of the concrete and hoop stress of the steel tube, respectively. 
The compressive stress of the concrete can be obtained by dividing the compressive load of the 
concrete by the area of the concrete section, where the compressive load of the concrete is determined 






where /cz is the compressive stress of the concrete; N is the axial load of the column obtained from 
the testing machine; As and Ac are the section areas of the steel tube and the concrete, respectively; 0-2 
is the axial stress of the steel tube. 
The axial stress and hoop stress of the steel tube are determined from the strains measured in the 
experimental tests, as summarized below. 
The von Mises stress (or the equivalent stress)匹 isused to determine the stress state of the steel 
tube: 
び~= ✓び:-びぶ＋び。2 (2.12) 
In the elastic stage (o-e</y), the stress of the steel tube is calculated by the generalized Hooke law. 
Although a thin layer of grease is spread on the inner surface of the steel tube to reduce the friction 
between the steel tube and concrete, results indicate that the friction is stil significant, especially in 
the initial loading phase. Therefore, the steel tube, as a thin-walled structure, is considered under a 
state of plane stress and the stresses of the steel tube are then determined by: 
髯:}=占[~ ~]{盟｝ (2.13) 
where dez and des are the incremental axial strain and hoop strain, respectively. Poisson ratio u and 
the tangent modulus Es [39] are given, respectively, by: 
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0.283 (J'e < J;,
U=  
CJ'-f 
0.217 e P + 0.283 J;, ~(J'e~/y 










where Eis the elastic modulus of the stel, and fr, is the proportional limit, taken herein to be 0.75/y. 
In the plastic stage (O"e 2:/y), the stress of the steel tube is calculated by the incremental Prandtl-
Reuss equation: 
｛ご：}~6[: 『]{~::}- 3(門い［こv1~v_-:]::} (2.16) 
The scalar dyis given by: 
dr= 






where e; and s; are the deviatoric strain and stress, respectively; His the slope of equivalent stress― 
equivalent plastic strain curve, which is taken as the slope of the stress-plastic strain curve of the steel 
from tensile tests; G is the shear modulus. 
The axial strain &z and hoop strain E:0 at each loading step can be measured directly by using the 
strain gauges, whereupon the axial stress O"z and hoop stress cm can be determined according to Eqs. 
(2.12) -(2.18). Substituting the axial stress and hoop stress of the steel tube at each loading step for 
Eq. (2.10) and (2.11), the lateral stress and the compressive stress of the concrete could be determined. 
The compressive stress at each loading step was normalized with the unconfined concrete strength. 
The confinement path was then expressed as a relationship between the lateral stress (O"r) and the 
normalized compressive stress of the concrete ([cふ）. As two specimens are tested for each type of 
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Fig. 2.5 Axial load-displacement curve 
見;.:;.,. 
Fig. 2.6 A ・xial stress-stram curve 
A typical confinement path of confined concrete in a CFT column is shown in Fig.2.4 (taken 
from specimen 490-36-31). The corresponding axial load-displacement and axial stress—strain curves 
of the column are given in Fig.2.5 and Fig.2.6, respectively. According to the transition points, the 
confinement path can be divided into four stages. In stage OA, the lateral stress is quite insignificant 
because the concrete barely expands. When the compressive stress exceeds point A (about 0.5Jc), 
microcracks develop rapidly in the concrete, and the expansion of concrete causes the lateral stress 
to develop significantly but smoothly. Because of the confinement effect, fracture of concrete is 
delayed until point B, at which the compressive stress is roughly 1 Afc (for specimen 490-36-31). A 
rapid lateral expansion due to the fracture of concrete at point B leads to a drastic increase in lateral 
stres, while the compressive stress nearly gains no increase. As the loading is increased, the steel 
tube yields at point C. The lateral stress exhibits a short plateau and then continues to increase because 
of strain hardening of the steel tube, until reaching the ultimate state at point D. It should be noted 
!hat in the experimental test the strain gauges may be broken before or after the column reaching the 
peak load. As for the former case, point D refers to the state of the column corresponding to the 
maximal strains measured in the experiment; As for the later case, point D refers to the state of the 
column corresponding to the peak load. 
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As discussed above, microcracks began developing significantly in the concrete at point A and 
fracture of concrete happens at point B. Subsequently, the steel tube yields at point C and reaches the 
ultimate state at point D. 
The ultimate compressive stress of the confined concrete at point Dare the compressive strength 
of confined concrete /c. Substituting/cc and the corresponding ultimate lateral stress叩 forEq. (2.9), 
the effect index A(Pi) can be calculated. Meanwhile, the laterally dominant index SI(Pi) can be 
obtained by Eq. (2.5), where S(P;) in Eq. (2.5) can be determined by: 
S(P,) = L N-1 l位）J + (a-rいJl(fcz)j+I―u; l (2.19) 
J=。 2fc
where N is the number of the loading steps, and (⑳ and 位）~are the lateral stress and compressive 
stress of confined concrete atj-th loading step, respectively. 
2.3.2. Experimental program 
An experimental test with a total of 18 specimens was conducted in this paper. The parameters 
varied in the experiment were as follows:(1) unconfined concrete strength/c; (2) yield strength of the 
steelfy; (3) ratio of column diameter to steel thickness Dlt. The compressive strengths of lOOx200 
mm concrete cylinders were measured on the test day and were 28 Mpa, 41 Mpa and 52 Mpa, 
respectively; Two kinds of steel (STK400 and STK490) were used for the tubes and the mechanical 
properties of the steel were obtained from tensile tests of coupons taken from each steel plate before 
manufacturing. To minimize the slenderness effect, the length of each specimen was three times its 
diameter, and to avoid the effect of overall buckling for achieving ful confinement, the Dlt ratios 












Fig. 2.7 Polishing of the column section Fig. 2.8 Experimental test setup 
To provide a flat column end for ensuring that the load is applied evenly to the section, al the 
specimens are polished by a polishing machine. The polishing process was shown in Fig.2.7. Since 
the compressive strength of confined concrete in a CFT column is concerned in this paper, the axial 
load is directly applied to the concrete with the steel tube used only for confinement and a thin layer 
of grease is spread on the inner surface of the steel tube to reduce the friction between the steel tube 
and concrete. All the specimens were subjected to axial monotonic compression under a universal 
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testing machine with a maximum capacity of 5000 kN. Two pairs of electrical strain gauges were 
placed at the mid-height of the exterior of the steel tube to measure the axial and lateral strains of the 
steel tube. The longitudinal deformation of the column was read directly from the test machine. The 
experimental test setup is given in Fig.2.8. Two specimens were tested for each type of column. For 
convenience, the columns are identified as: type of steel + design strength of concrete + Dlt ratio + 
specimen number. Details of al the specimens are given in Table 2. 
2.3.3. Experimental results 
The axial stress of the column (fz) is obtained by dividing the axial load of the column (N) by the 
area of the concrete section. The relationships between axial stress and axial/hoop strain of the column 
for the specimens of batch 1 and batch 2 are shown in Fig.2.9, while those for the specimens of batch 
3 are shown in Fig.2.10. Although two specimens were tested for each type of column, the axial 
stress-strain curves were similar. For the sake of clarify, only one curve of the two specimens is given 
in the figures. The maximum loads (Nu) of al the specimens are summarized in Table 2. 
Table 2. Specimen details and test results 
Batch Specimens D(mm) t(mm) Dlt /y(Mpa) .fc(Mpa) Nu(kN) SI え
400-24-31-1 140 4.5 31 374.2 28 1517.6 0.38 0.80 
400-24-31-2 140 4.5 31 374.2 28 1530.2 0.40 0.81 
400-36-31-1 140 4.5 31 374.2 39 1618.1 0.30 0.72 
Batch 1 
400-36-31-2 140 4.5 31 374.2 39 1530.4 0.29 0.65 
400-48-31-1 140 4.5 31 374.2 52 1670.0 0.21 0.57 
400-48-31-2 1ao 4.5 31 374.2 52 1630.2 0.21 0.55 
490-24-31-1 140 4.5 31 462.9 28 2001.7 0.52 1.03 
490-24-31-2 140 4.5 31 462.9 28 2047.4 0.48 1.06 
490-36-31-1 140 4.5 31 462.9 39 2026.6 0.40 0.89 
Batch 2 
490-36-31-2 140 4.5 31 462.9 39 2047.4 0.40 0.87 
490-48-31-1 140 4.5 31 462.9 52 2120.2 0.35 0.77 
490-48-31-2 140 4.5 31 462.9 52 2149.6 0.35 0.74 
400-36-26-1 216.3 8.2 26 381.1 41 4210.9 0.29 0.71 
400-36-26-2 216.3 8.2 26 381.1 41 4256.9 0.28 0.74 
400-36-36-1 190.7 5.3 36 382.5 41 2726.8 0.21 0.65 
Batch 3 
400-36-36-2 190.7 5.3 36 382.5 41 2705.5 0.24 0.65 
400-36-48-1 216.3 4.5 48 371.9 41 2904.1 0.19 0.61 
400-36-48-2 216.3 4.5 48 371.9 41 2906.2 0.12 0.64 
In Fig.2.9, it was observed that with the increase of the concrete strength, the ultimate axial stress 
of the column increases while the corresponding ultimate strain decreases. A shorter strain hardening 
stage tended to be yielded in the specimen with higher strength concrete, which suggests that, under 
the same confinement, specimen with higher strength concrete would be more brittle. Comparison 
between the curves of batch 1 and 2 indicates that adopting higher strength steel could improve the 
ductile behavior of the column. Additionally, observation in Fig.2.10 suggests that a better 
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performance (higher ultimate stress and more ductile behavior) was generally achieved in the 
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Fig. 2.9 Axial stress-strain curve for specimens Fig. 2.10 Axial stress-strain curve for 
of batch 1 and batch 2 specimens of batch 3 
Using the experimental results in Fig.2.9 and 2.10, the confinement path can be determined with 
the aid of the procedure described in Section 3 .1. The laterally dominant index and the effect index 
of the confinement path can also be obtained, as listed in Table 2. 
2.4. Investigation of confinement paths and corresponding effects 
2.4.1. Investigation of confinement paths 
The confinement paths of confined concrete in CFT columns with different parameters, such as 
concrete strength/c, stel strengthfyand Dlt ratio, are investigated in this section. 
The influence of concrete strength on the confinement path is investigated based on the tests of 
specimens in batches 1 and 2, confinement paths for which are shown in Fig. 2.1 l(a) and Fig. 2.1 l(b), 
respectively. It can be observed that, for both batches 1 and 2, the parts of the confinement paths 
before steel tube yields (stage OABC) are similar, after which the confinement paths start to exhibit 
significant differences. That is, concrete strength only significantly affects the part of the confinement 
path in the strain hardening stage of the steel tube (stage CD). A shorter and steeper CD stage was 
found for the specimen with a higher strength concrete, which suggests that, under the same 
confinement condition, higher strength concrete has a worse confinement effect. 
Confinement paths for specimens with different strength steels are shown in Fig.2.12. The 
obvious difference is observed only in the parts of confinement path in the post-fracture stage of the 
concrete core (stage BD). Specimens with higher strength steel tend to yield a higher BC stage with 
a longer yielding plateau, and a longer and gentler CD stage. The results indicate that higher strength 
stel makes litle contribution to the fracture delay of the confined concrete but provides a better 
confinement effect after fracture of core concrete. 
Specimens with Dlt ratios of 26, 36 and 48 were tested, and their confinement paths are shown 
in Fig.2.13. According to the figure, it was observed that: 
(1) The D/t ratio significantly influences the parts of the confinement path in both the pre-fracture 
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Fig. 2.12(c) Confinement paths for specimens Fig. 2.13 Confinement paths for specimens 
with/c=52 with different Dlt ratios 
(2) The confinement path in the specimen with a smaller Dlt ratio was found to yield a longer 
OB stage. That is, the specimen with a smaller Dlt ratio has a better confinement effect, which leads 
to a more profound fracture delay of the confined concrete; 
(3) Besides, the confinement path in the specimen with a smaller D/t ratio tends to exhibit a 
higher BC stage and a longer CD stage, which indicates a more ductile failure of the specimen; 
16 
(4) It should be noted that, because the same strengths of concrete and steel are used, the slopes 
of stages BC and CD of al the paths are found nearly the same. 
The enhanced performance of the specimens with smaller Dlt ratio can be explained by Eq. (2.10). 
Based on Eq. (2.10), it is known that the concrete confined by the steel tube with smaller D/t ratio 
would experience a higher lateral confining stress under the same stress state of the steel tube. That 
is, a better confinement effect tends to be achieved for the concrete confined by the steel tube with a 
smaller Dlt ratio, which leads to a more significant enhanced performance. 
As discussed above, it is interesting to find that stage OB of confinement path (pre-fracture stage 
of concrete core) seems to be influenced more by the Dlt ratio than by the strengths of the concrete 
and the steel tube, whereas stage BD of the confinement path (post-fracture stage of concrete core) is 
affected by al the parameters. As defined in section two, the confinement path is indicated by the 
laterally dominant index SJ. The results for the laterally dominant index of each specimen are 
summarized in Table 2. The average laterally dominant index of two specimens is also given in Fig. 
2.11-2.13 for each confinement path. The relationships for SJ verse A必 ratioand SJ verse Dlt ratio 
are shown in Fig.2.14 and 2.15, respectively. 
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Fig. 2.14. SJversus/y/fc ratio Fig. 2.15. SI versus D/t ratio 
It can be observed that the laterally dominant index increases with the strength ratio J; 必 but
decreases with the Dlt ratio, which may suggest that confinement paths that are in closer proximity 
to path Pバendto be yielded in specimens with higher strength ratio J; 忍 andsmaller Dlt ratio. 
2.4.2. Confinement path effect on compressive strength 
In this section, the confinement path effects on the compressive strength of confined concrete, as 
indicated by the effect index A, are discussed. The effect index for each specimen is given in Table 2. 
The average effect index of two specimens is also shown in Figs.2.11-2.13 for each confinement path. 
All effect indices were found less than 1.0 except that of 490-24-31, which indicates that compressive 
strength is influenced by the confinement path. 
The relationship between laterally dominant index and effect index found this study is shown in 
Fig.2.16. The effect index was found to increase with the laterally dominant index. That is, for the 
confinement path with a small laterally dominant index (confinement path is "far away" from path 
Pa), the influence on the compressive strength is significantly different from that of path Pa. As the 
laterally dominant index increases (the path gets closer to path Pa), the path-dependent effect becomes 
less significant. Here it should be noted that the laterally dominant indices of specimens 490-24-31 
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approximately equal to 0.5 and the corresponding effect indices are roughly 1.0, which suggest that 
compressive strength may be path-independent when the concrete is confined by a confinement path 
whose laterally dominant index is greater than 0.5. 
Table 3. Laterally dominant indices and effect indices in previous studies 
Specimen Jc O'ru /c SI /4 Confinement path Refs. 
T-Gl 67 3.5 84.9 0.96 0.84 General path-b 
T-G2 67 7 99 0.93 0.85 General path-b 
T-G3 67 14 131 0.89 0.97 General path-b 
T-G4 67 21 154 0.86 0.95 General path-b 
T-05 67 28 180 0.84 0.98 General path-b 
T-G6 67 42 229 0.82 1.01 General path-b 
T-07 67 56 276 0.80 1.03 General path-b 
T-G8 67 14 133 0.68 1.00 General path-b 
T-G9 67 14 135 0.69 1.03 General path-b 
T-GIO 67 14 136 0.69 1.04 General path-b 
T-Gll 67 21 157 0.60 0.99 General path-b 
T-012 67 21 161 0.61 1.03 General path-b 
T-013 67 28 180 0.53 0.98 General path-b 
T-G14 69 28 192 0.85 1.05 General path-b Lu and Hsu 
T-Gl5 69 7 105 0.80 0.96 General path-b 
T-G16 69 14 137 0.69 1.02 General path-b 
T-G17 69 14 139 0.70 1.05 General path-b 
T-G18 69 21 164 0.62 1.03 General path-b 
T-G19 69 21 162 0.61 1.01 General path-b 
T-020 69 28 187 0.55 1.01 General path-b 
T-G21 69 28 190 0.56 1.04 General path-b 
T-Tl 69 28 192 0.78 1.05 Trilinear path 
T-11 69 28 190 0.56 1.04 Incremental path 
T-12 69 42 239 0.51 1.05 Incremental path 
T-13 69 56 282 0.48 1.04 Incremental path 
T-14 69 63 308 0.48 1.06 Incremental path 
T-15 69 70 324 0.47 1.04 Incremental path 
T-Ma* 73.4 25.6 0.64 1.00 Multistep path-a Imran and 
T-Mb* 73.4 6.4 >1.0 1.00 Multistep path-b Pantazopoulou 
Table 3 gives the laterally dominant indices and effect indices of confinement paths in the 
previous studies [27,31], which are also given in Fig. 2.16. For the specimens ofT-Ma and T-Mb, no 
compressive strengths are available in the original paper. However, stress-strain curves of the 
specimens under multistep paths and path Pa are given, and only small differences are observed. 
Therefore, the effect indices of these two specimens are taken as 1.0 here. It should be noted that the 
lateral stress of specimen T-Mb (multistep path-b) was reduced in a stepwise manner from 25.6 Mpa 
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to 6.4 Mpa and thus led to a laterally dominant index SJ greater than 1.0, which generally could not 
happen for confined concrete in a CFT column. All the laterally dominant indices are found greater 
(or just marginally smaller) than 0.5. This may explain why the compressive strength of confined 
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Fig. 2.16 Effect index versus laterally dominant index 
Based on the results of the present study and previous researches, the relationship between effect 
index and laterally dominant index may be given by: 
1.52S/0・6 ,0 :; SI < 0.5 
入-{1.0 ,SI :;, 0.5 (2.21) 
To obtain the effect index, the laterally dominant index should be determined. Based on the 
investigation of section 4 .1, it is known that the confinement path is influenced by parameters, such 
as the unconfined concrete strength, steel strength and Dlt ratio, which suggests the laterally dominant 
index could be determined by these parameters. A confinement coefficient including al the 






The relationship between laterally dominant index and confinement coefficient is given in Fig. 
2.17. It seems that the laterally dominant index increases linearly with the confinement coefficient. 
Therefore, a simple model forthe laterally dominant index is proposed as: 
SI =0.4417 
Substituting Eq. (2.23) for Eq. (2.21), the effect index can be given by: 




Based on the experimental tests in this paper, it was found that the concrete core in a CFT column 
is generally confined by a confinement path with a laterally dominant index smaller than 0.5. As 
discussed above, compressive strength of the concrete confined by a confinement paths with a 
laterally dominant index smaller than 0.5 would be quite different from that of actively confined 
concrete under the same ultimate lateral stress. Therefore, to better determine the compressive 
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strength of the confined concrete in a CFT column, the confinement path effect should be considered. 
A compressive strength model incorporating the effect of confinement path for confined concrete in 
a CFT column is recommended as: 
he = h + 2.2Afc0.3 (Yru 0.81 (2.25) 
where l isthe effect index of confinement path as determined by Eq. (2.24). It should be noted that 
the domain of the effect index is [0,1], at the boundary of which/cc in Eq. (2.25) would equal to/c and 
/cac (Eq.(2.7)), respectively. That is, the compressive strength of confined concrete predicted by the 
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Fig. 2.17 Relation between SJ and 1J Fig. 2.18 Performance of the proposed model 
Fig.2.18 shows the comparison of the compressive strength between the experimental results and 
the ones calculated by Eq. (2.25). The mean and CoV (coefficient of variance) of the ratio of 
calculated results to experimental results are 1.0045 and 0。0460,respectively, which indicates a good 
performance of the proposed model. 
Predicting the ultimate capacity and load-deformation relationship of CFT columns are 
important in the practical engineering, for which a well-established compressive strength model of 
confined concrete is necessary. Although lots of models have been developed to predict the ultimate 
capacity and load-deformation relationship of CFT columns, it seems that satisfying results are not 
achieved. The proposed model may be helpful to establish more accurate models of the ultimate 
capacity and load-deformation relationship of the CFT columns. 
2.5. Conclusions 
Based on the experimental tests, the confinement paths and confinement path effects on the 
compressive strength of confined concrete in concrete loaded CFT columns were studied in this paper. 
The following conclusions can be drawn: 
(1) The confinement effect of confined concrete is influenced not only by the ultimate confining 
stress but also by the confinement path. The compressive strength model of actively confined concrete 
is generally not applicable to confined concrete in a CFT column due to the different confinement 
paths. 
(2) Confinement path of confined concrete in a CFT column Pi is affected by the parameters of 
the column such as unconfined concrete strength, steel strength and D/t ratio. The proximity of 
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confinement path P; to path凡 isindicated by the laterally dominant index. The results show that 
specimens with higher strength ratio fy!Jc and/or smaller Dlt ratio tend to achieve a higher laterally 
dominant index, thus yielding a confinement path that is in a closer proximity to path Pa-
(3) The compressive strength of confined concrete cannot be simply considered path-dependent 
or path-independent. Results suggest that the confinement path effect on the compressive strength of 
confined concrete is significant for the concrete under the confinement path with a small laterally 
dominant index, which however could be neglected if the laterally dominant index exceeds 0.5. 
(4) The experimental tests indicated that the concrete core in a CFT column is generally confined 
by a confinement path with a laterally dominant index less than 0.5. Therefore, to better determine 
the compressive strength of confined concrete in a CFT column, the confinement path effect should 
be considered. 
(5) Models were established for the effect index and the laterally dominant index, based on 
which a compressive strength model incorporating the confinement path effect was developed for the 
confined concrete in a CFT column. Good performance was found in comparison with the 
experimental results. 
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CHAPTER 3. CONFINEMENT PATHS OF CONFINED CONCRETE IN AXIALLY 
LOADED CIRCULAR CFT STUB COLUMNS 
3.1. Introduction 
Circular concrete-filled steel tube (CFT) columns are widely used in many modem structures for 
their excellent performance of high strength, stiffness and ductility arising from the good confinement 
effect. Researches on circular CFT columns have been ongoing worldwide for decades, and various 
researchers [ 1-12] have made significant contributions to determining the ultimate capacity and load-
deformation relationships ofCFT columns, which are two primary concerns in practical engineering. 
It has been realized that a well-established compressive strength model of confined concrete is 
important for accurately predicting the ultimate capacity of the column and plays an essential role in 
establishing its load-deformation relationship [13]. 
Compressive strength models of confined concrete developed based on the experimental tests of 
actively confined concrete, e.g., the models of Richard [14] and Mander [15], are widely used in the 
researches of CFT columns [2-5]. For the tests of actively confined concrete, specimens are subjected 
to a constant hydrostatic lateral pressure. However, when a CFT column is compressed axially, the 
lateral stress of the concrete is not constant but increases with compressive stress. 
The relationship between the lateral and compressive stresses of confined concrete is known as 
the confinement path. The effects of the confinement path upon the compressive strength of confined 
concrete were investigated in previous studies, and two different opinions are generally held, i.e., (1) 
the compressive strength of confined concrete is path-independent [16, 17]; (2) the compressive 
strength of confined concrete is path-dependent [18-20]. Recently, to clarify the confinement path 
effect, Zhao et al. [21] investigated the confinement paths of confined concrete in CFT columns and 
discussed the corresponding effects on their compressive strengths. It was found that the compressive 
strength of confined concrete cannot be simply considered to be path-dependent or path-independent 
but depended on the confinement path under which the concrete was confined. A compressive 
strength model incorporating the confinement path effect was developed for the confined concrete in 
CFT stub columns. However, it should be noted that the model of Zhao et al. was established based 
on the compressive tests ofCFT columns with only the concrete loaded。Inpractical engineering, the 
axial load is generally applied to the concrete and the steel tube simultaneously. As for the two 
different loading conditions, the confinement path of the confined concrete and the corresponding 
confinement path effect may differ. For a ful understanding of the compressive strength of confined 
concrete in a CFT column, the confinement path of the whole-section-loaded CFT column and the 
corresponding effect should be investigated, which, however, have not been studied til now. 
In this paper, compressive experimental tests of the whole-section-loaded CFT stub columns are 
conducted, based on which the confinement paths of confined concrete are investigated and then the 
corresponding confinement path effects on the compressive strength of confined concrete are 
discussed. This paper is organized as follows: In section two, determination of the confinement path, 
the evaluation methods of confinement path and confinement path effect, and the experimental details 
are briefly introduced. The test results are also discussed; In section three, the confinement paths and 
corresponding confinement path effects upon the compressive strength of confined concrete in CFT 
columns under the different loading conditions are investigated; In section 4, conclusions are drawn. 
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3.2. Experimental test to investigate confinement paths 
The method of determining the confinement path is the same with those in chapter 2, which will 
not be explained again in this section. One of the confinement paths of confined concretes in the 
whole-section-loaded CFT columns is shown in Fig.3.1 (taken from specimen 400-36-31 WL), which 
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Fig.3.1 Confinement path of confined concrete in a whole-section-loaded CFT column 
In the OA stage, because the Poisson ratio of the concrete is smaller than that of the steel tube in 
the initial phase, no confining stress occurred for the core concrete. When the compressive stress 
exceeds point A, microcracks develop rapidly in the concrete, and its lateral expansion becomes larger 
than that of the steel tube, causing the lateral stress to develop smoothly. A sudden lateral expansion 
due to the fracture of concrete at point B leads to a sharp increase in lateral stress. As the loading 
increases, the steel tube yields at point C. After exhibiting a short plateau, the lateral stress continues 
to increase because of strain hardening of the steel tube, until reaching the ultimate state at point D. 
As discussed above, stages OB and BD respectively indicate the pre-fracture and post-fracture stages 
of the concrete in a CFT column. 
3.2.1 Evaluation methods of the confinement path and its effect 
To investigate .the confinement path of confined concrete and its effect upon the compressive 
strength, two evaluation indices defined in chapter 2 are used. Considering the typical stress paths of 
confined concrete in Fig.3.2, the stress path of confined concrete in a whole-section-loaded CFT 
column could be indicated by path P; (OBD), the upper and lower boundary path of which are denoted 
by path Pa (OAD) and Po (OCD), respectively. From the figure, it can be known that the lateral stress 
for path Pa is significant during the whole loading process, which for path Po is on the contrary. 
Therefore, when path P; gets closer to path Pa, the lateral stress for path凡becomesmore significant 
and will be in a more dominant state. 
Firstly, the dominance degree of the lateral stress in a stress path P; is characterized by a lateral 





where S(P;) is the area enclosed by paths P; and Po. The two boundary conditions of the lateral stress 
domination index are SJ(Po) =O and SJ(Pa) =I. 
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In Eq. (3.1), a higher value of SJ means the area enclosed by path Pi and Po is larger, which means 
path P; is closer to path Pa, thus leading to a more significant lateral stress. That is, the lateral stress 
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Fig. 3.2 Typic stress path of confined concrete 
Secondly, to predict the effect of stress path upon the compressive strength of confined concrete 
in a CFT column, an effect index ;twas defined as: 
え(J;)= 
~f (P, cru) 
~f(P,., 四）
(3.2) 
where△ ./(Pi,<Yru) is the increased strength of the concrete under stress path Pi, namely△ ./(Pi, 0-ru)=/c-
/c, where /c is the compressive strength of confined concrete;_△ .J(Pa,aru), based on regression of the 
test of confined concrete under stress path凡 inprevious studies[21], is given as 2.2Jc03aru0・81. It 
should be noted that the stress path凡 isone of the typic paths adopted in the test of actively confined 
concrete, which can be achieved by using a triaxial cel. The cel was hydraulically operated, details 
of which can be seen in Ref. [16]. 
In Eq. (3.2)甚 1.0means that the compressive strength of confined concrete is path-dependent. 
The greater the deviation between the effect index and unity, the more significant the stress path effect; 
on the contrary, l=l.O means that the compressive strength of the confined concrete is independent 
of the stress path. 
3.2.2. Experimental program 
In order to investigate the confinement paths and discuss the corresponding confinement path 
effects upon the compressive strength of confined concrete in whole-section-loaded CFT stub 
columns, experimental tests with a total of 18 specimens are conducted in this paper. The column 
parameters varied in the experimental tests are the same as those of concrete-loaded CFT columns in 
the previous study [21] for comparison. The specimens can be divided into three batches. Different 
types of concretes (design strengths are 24, 36 and 48 Mpa) and structural steels (STK400 and 
STK490) are used for the specimens of batch 1 and 2 to discuss the influence of material strengths 
on the confinement paths and corresponding effects on the compressive strength of confined concrete, 
while the influence of different ratios of column diameter to steel thickness Dlt (D/t= 26, 36 and 48) 
is investigated based on the results of the specimens in batch 3. The strengths for the three types of 
concrete were 28, 41 and 52 Mpa, respectively, which were measured on the test day based on tests 
of 1 OOx200 mm concrete cylinders. The mechanical properties of the steel were obtained from tensile 
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tests of coupons taken from each steel plate before manufacturing. The lengths of the columns (L) are 
three times the diameters (D). All the details of the specimens can be seen in Table 1. 
Concrete 
(a). Photograph (b). Schematic diagram 
Fig. 3.3 Experimental test setup 
The experimental test setup is shown in Fig.3.3. The axial load is applied to the concrete and the 
steel tube simultaneously. All specimens were subjected to axial monotonic compression under a 
universal testing machine with a maximum capacity of 5000 kN. Two pairs of electrical strain gauges 
were placed at the mid-height of the exterior of the steel tube to measure its axial and lateral strains. 
The longitudinal deformation of the column was read directly from the test machine. Two specimens 
were tested for each type of column. For convenience, the columns are identified as: type of steel + 
design strength of concrete+ Dlt ratio + loading condition (WL/CL). WL stands for that the axial 
load is applied to the whole section of the column, while CL stands for that the axial load is applied 
to the concrete section only. The loading conditions are followed by the specimen number. 
3.2.3. Experimental results 
The columns after tests are given in Fig.3.4. It was found that al the specimens failed due to the 
local buckling of the steel tube occurred in the column, especially at the end of the columns. To 
investigate the behaviors of the columns, the load-deflection relationships will be studied. For that 
the section areas of the specimens of batch 3 are different, the axial loads of al the columns are 
normalized with respect to the whole section areas. The relationship between the normalized axial 
stress and axial/hoop strain for specimens of batches 1 and 2 are shown in Fig.3.5, while those for 
specimens of batch 3 are shown in Fig.3.6. For the sake of clarity, only one curve of the two specimens 
is given in the figures. The normalized ultimate axial stresses of al the columns are marked in the 
figures. From Fig.3.5, it was observed that, with the increase of the concrete strength, the normalized 
ultimate axial stress of the column increases, while the corresponding ultimate strain decreases, which 
suggests that specimens with higher-strength concrete are more britle. Additionally, adopting higher-
strength steel was found to increase the normalized ultimate axial stress and improve the ductile 
behavior of the column. Fig.3.6 suggests that specimen with a smaller D/t ratio generally tends to 
achieve a higher normalized ultimate stress and more ductile behavior. That may be because specimen 
with a smaller Dlt ratio has a higher percentage of the stel, and steel generally has a higher strength 
and experiences more ductile behavior than concrete. 
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The composite effects between the steel tube and the concrete on the ultimate load of the columns 




where No=/; 凶+0.85/c凶 isthe nominal squash load given in ACI [23]. 
(1).400-24-31 WL-1 (2).400-36-31 WL-1 (3).400-48-31 WL-1 
(4).490-24-31 WL-1 (5).490-36-31 WL-1 (6).490-48-31 WL-1 
(7).400-36-26WL-1 (8).400-36-36WL-1 (9).400-36-48WL-1 
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Fig. 3.5 Axial stress-strain curve for specimens Fig. 3.6 Axial stress-strain curve for 
of batch 1 and batch 2 specimens of batch 3 
Table 1. Specimen details and test results 
Batch Specimens D(mm) t(mm) Dlt /y(Mpa) /c(Mpa) rJ Nu(kN) CI SJ A, 
（ 
400-24-31 WL-1 140 4.5 31 374.2 28 0.92 1275.3 1.23 0.24 0.42 
400-24-31WL-2 140 4.5 31 374.2 28 0.92 1294.5 1.25 0.20 0.47 
400-36-31WL-1 140 4.5 31 374.2 39 0.66 1406.4 1.21 0.18 0.40 
Batch 1 
400-36-31 WL-2 140 4.5 31 374.2 39 0.66 1405.0 1.21 0.17 0.40 
400-48-31 WL-1 140 4.5 31 374.2 52 0.49 1524.3 1.16 0.13 0.30 
400-48-31 WL-2 140 4.5 31 374.2 52 0.49 1530.4 1.17 0.14 0.30 
490-24-31WL-1 140 4.5 31 462.9 28 1.14 1646.7 1.36 0.34 0.70 
490-24-31WL-2 140 4.5 31 462.9 28 1.14 1662.3 1.38 0.38 0.80 
490-36-31WL-l 140 4.5 31 462.9 39 0.82 1763.9 1.32 0.30 0.64 
Batch 2 
490-36-31 WL-2 140 4.5 31 462.9 39 0.82 1753.8 1.32 0.35 0.72 
490-48-31 WL-1 140 4.5 31 462.9 52 0.61 1865.2 1.26 0.24 0.55 
490-48-31 WL-2 140 4.5 31 462.9 52 0.61 1871.6 1.26 0.25 0.54 
400-36-26WL-l 216.3 8.2 26 381.1 41 0.76 3788.4 1.21 0.23 0.47 
400-36-26WL-2 216.3 8.2 26 381.1 41 0.76 3800.3 1.21 0.20 0.46 
400-36-36WL-l 190.7 5.3 36 382.5 41 0.55 2530.3 1.22 0.16 0.48 
Batch 3 
400-36-36WL-2 190.7 5.3 36 382.5 41 0.55 2544.8 1.23 0.23 0.49 
400-36-48WL-l 216.3 4.5 48 371.9 41 0.39 2740.4 1.20 0.19 0.41 
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(a). Specimens with different material strengths (b). Specimens with different Dlt ratios 
Fig. 3.7 Capacity indices of the columns 
The capacity index indicates an increase of section capacity of the columns. The capacity indices 
for al the specimens are given in Table 1. Relationship between the capacity index and column 
parameters are shown in Fig.3.7. Fig.3.7(a) suggests that the capacity index decreases with the 
concrete strength, but increases with the steel strength, which suggests that the specimen with a 
higher-strength concrete and/or a lower-strength steel achieves a less increase of section capacity. 
From Fig.3. 7(b), it was found that the capacity index seems hardly to be influenced by the Dlt ratio. 
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3.3. Investigation of confinement paths and confinement path effects 
3.3.1. Parametric study on the confinement paths 
The confinement paths of confined concrete in whole-section-loaded CFT columns with different 
column parameters, such as concrete strength Jc, steel strengthfy and Dlt ratio, are investigated in this 
section. As two specimens are tested for each type of column, the confinement path is their average. 
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Fig. 3.8. Confinement paths for batch I and 2 
Confinement paths for specimens with concretes of different strengths are shown in Fig.3.8. The 
parts of the confinement paths before steel tube yielded (part OABC) are found similar to each other. 
From the figure, it can be seen that significant differences are observed only in the CD part of the 
confinement path。Theinfluence of concrete strength upon the confinement paths of confined 
concrete in the whole-section-loaded CFT columns seems to be similar to that in the concrete-loaded 
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CFT columns [21]. That is, concrete strength only significantly affects the part of the confinement 
path in the strain hardening stage of the steel tube (part CD). A shorter and steeper CD part was found 
for the specimen with a higher-strength concrete, which suggests that, under the same confinement 
condition, higher-strength concrete experiences a worse confinement effect. This may be because the 
concrete with a higher strength is generally more britle. 
Confinement paths for specimens with steels of different strengths are shown in Fig.3.9. It 
appears that the steel strength significantly influences the parts of the confinement path in both the 
pre-fracture (OB) and post-fracture (BD) stages of the core concrete. The lateral stress of confined 
concrete in a CFT column with higher-strength steel seems to occur in an earlier stage, thus leading 
to a shorter OA part and a higher AB part. Moreover, the confinement path in the specimen with a 
higher-strength steel tends to exhibit a higher BC part with a longer plateau, and a longer and gentler 
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Fig.3.9 Confinement paths for specimens with different steel strength 
Confinement paths for specimens with different Dlt ratios are shown in Fig.3.10. The Dlt ratio 
seems to hardly affect the confinement paths of confined concrete in the whole-section-loaded CFT 
columns. Differences are observed only in the part of the confinement path in the strain-hardening 
stage of the steel tube (part CD). Specimens with smaller D/t ratios tend to yield longer CD parts. The 
results indicate that steel tubes with smaller D/t ratios offer a better confinement effect for the core 
concrete. It should be noted that, the observation in previous study [21] showed that al parts of the 
confinement paths of confined concrete in concrete-loaded CFT columns were significantly affected 
by the Dlt ratio. This indicates that the influence of the Dlt ratio on the confinement path differs 
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Fig. 3.10 Confinement paths for specimens with different Dlt ratios 
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Based on the discussion above, the influences of the column parameters upon the confinement 
paths of confined concretes in the whole-section-loaded CFT columns are found different from those 
in concrete-loaded CFT columns [21]. Part OB of the confinement path (pre-fracture stage of the core 
concrete) seems to be influenced more by the stel strength than by the concrete strengths and the Dlt 
ratio, whereas part BD of the confinement path (post-fracture stage of the core concrete) is affected 
by al the parameters. The strength of the concrete and the stel tube influences the slope of stage BD, 
the length of which, however, is affected by the Dlt ratio. 
3.3.2. Confinement paths under different loading conditions 
In this section, the confinement paths of confined concrete in whole-section-loaded CFT columns 
are compared with those in concrete-loaded CFT columns, as investigated by Zhao et al. [21]. All 
confinement paths of the specimens under two loading conditions are shown in Fig.3.11, and the 
corresponding laterally dominant indices are also given in the figures. 
In the pre-fracture stage of the core concrete, point A indicates the activation of the confinement 
effect. Because the lateral expansion of the steel tube is larger than that of the core concrete due to 
the different Poisson ratios, the lateral stress of the confined concrete in the whole-section-loaded 
CFT column was generally found to emerge in a later loading stage, thus leading to a longer OA part 
than that in the concrete-loaded CFT columns. Point B is where the core concrete fractures. Because 
the lateral stresses in concrete-loaded CFT columns generally occurred from the initial loading stage, 
the fracture of the core concrete is delayed due to a good confinement effect. For the whole-section-
loaded CFT columns, small lateral stresses are generated, and no fracture delay of the core concrete 
is observed due to poor confinement effect. Therefore, the AB parts of the confinement paths in 
whole-section-loaded CFT columns are generally shorter and lower than those in concrete-loaded 
CFT columns. 
In the post-fracture stage of the core concrete, for the whole-section-loaded CFT columns, the 
lateral expansion of concrete at point B becomes larger than that of the steel tube due to the fracture 
of the concrete, causing the lateral stress to increase sharply but not significantly. The lateral stress 
seems to develop significantly only after the steel tube yielded at point C. The large deformation of 
the steel tube and the core concrete at this stage leads to ful contact of the two materials, thus 
achieving an increased column performance. For the concrete-loaded CFT columns, because the steel 
tube is used only for confinement, the lateral stresses of the core concrete increased sharply and 
significantly at point B, which, after exhibiting a plateau, continued to increase because of the strain 
hardening of the stel tube. Generally, the confinement paths of the confined concrete in whole-
section-loaded CFT columns yielded a lower BC part with a shorter plateau, and a shorter CD part 
with a larger slope than those in concrete-loaded CFT columns. 
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Fig. 3.11 Confinement paths of confined concrete in CFT 
columns under different loading conditions 
As discussed above, it is known that the lateral stress of the concrete in a whole-section-loaded 
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Fig._3.12 SJ versus絋 ratio Fig. 3.13 SI versus Dlt ratio 
The confinement path 1s characterized by the lateral stress domination index SJ. The average SJ 
of the two specimens can be seen in Fig.3.11 for each confinement path. The influences of the strength 
ratio灼!Jcand the Dlt ratio upon the index SJ are presented in Fig.3.12 and Fig.3.13, respectively. 
The lateral stress domination index is found to increase with the strength ratio J; 必 butdecreases 
with the Dlt ratio, suggesting that the lateral stress plays a more dominant role in the confinement 
path for a specimen with a higher strength ratio灼!Jcand/or a smaller Dlt ratio. The laterally dominant 
indices for the concrete-loaded CFT columns [21] are also given in the figures. From the figure, the 
influences of the column parameters upon the laterally dominant indices of whole-section-loaded 
CFT columns are found similar to those of concrete-loaded CFT columns. However, the Dlt ratio 
affects the laterally dominant indices of the whole-section-loaded CFT columns less significantly 
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than those of the concrete-loaded CFT columns, which is consistent with the observation of the 
confinement paths in section 3.1. Additionally, the laterally dominant indices for the whole-section-
loaded CFT columns are generally smaller than those for the concrete-loaded CFT columns. This 
means the lateral stresses of the confined concrete in the whole-section-loaded CFT columns 
generally play less significant roles than those in concrete-loaded CFT columns, which agrees with 
the observation of the confinement paths in Fig.3.11. 
3.3.3. Confinement path effect upon compressive strength 
In this section, the confinement path effects upon the compressive strength of confined concrete 
are discussed. The effect indices of the confinement paths for the whole-section-loaded CFT 
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Fig.3.14 Effect index versus lateral stress domination index 
The relationship between the effect index and the lateral stress domination index in the present 
study is given in Fig.3.14. The effect index was found to increase with the lateral stress domination 
index. The results of Zhao et al. [21] are also shown in the向gure.It should be noted that although the 
effect index of the present study is a litle smaller than that of Zhao et al. under the same lateral stress 
domination index, their relationship generally follows the observation of Zhao et al. Based on the 
results, the model of Zhao et al. is modified as: 
,-{l.65SJ"TI ,O'.>SI <0。5 (3,4) 
1.0 ,SJ;:::0.5 
The lateral stress domination index SJ should be known to determine the effect index A. Section 
3 .1 suggests that the confinement path is influenced by column parameters, which suggests the lateral 
stress domination index could be determined by the column parameters. Based on the experimental 
test results of this study, a model of the lateral stress domination index for the whole-section-loaded 
CFT columns is then proposed as: 
SJ= 0.28170.12 
where 17 is confinement coefficient and was defined as: 
2t f 





Substituting Eq. (3.5) for Eq. (3.4), the effect index of the confinement path for the whole-
section-loaded CFT column can be given by: 
,. ~{゜.661]'" , 0 ,;7/ < 2.223 
1.0 ,17~2 。223
(3.7) 
For a ful understanding of the confinement effect of concrete in CFT columns, the effect indices 
of the whole-section-loaded CFT columns are compared with those of the concrete-loaded CFT 
columns in Fig.3.15, where Ac is the effect index of concrete-loaded CFT column. 
To determine k, the model of lateral stress domination index for concrete-loaded CFT column 
proposed by Zhao et al. [21] is adopted: 
as: 
SI =0.4417 (3.8) 
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Fig. 3.15 The effect indices under the two loading conditions 
From Fig.3.15, it can be seen that: 
(3.9) 
(1) The effect indices for both the whole-section-loaded and concrete-loaded CFT columns with 
small confinement coefficients are less than unity. That is, the compressive strength of confined 
concrete in CFT columns with small confinement coefficients are path-dependent under the two 
loading conditions. 
(2) The effect indices of the whole-section-loaded CFT columns (人）are generally less than those 
of the concrete-loaded CFT columns (Ac), which indicates that the confinement effect of the concrete 
in the whole-section-loaded CFT column is generally weaker than that in the concrete-loaded CFT 
column. However, it should be noted that when the confinement coefficient T/ is less than about 0.2, 
the confinement effect of the concrete in the whole-section-loaded CFT column is nearly the same as 
that in concrete-loaded CFT column. This may be because specimens with a smaller confinement 
coefficient (i.e., higher Dlt ratio or smaller strength ratio Aぶ） generally experience a lower axial 
stress of the steel tube (e.g., local buckling of the steel tube, which tends to appear in the specimen 
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with a higher Dlt ratio, generally results in a loss of the axial stress of the steel tube), which, based 
on the von Mises yielding criteria, will lead to a higher hoop stress of the steel tube. 
(3) With the increase of the confinement coefficient, the effect indices of both the whole-section-
loaded and concrete-loaded CFT columns are equal to unity, which means the compressive strengths 
of confined concrete in CFT columns under the two loading conditions are path-independent and the 
confinement effects are the same. 
According to Eq. (3.2), the compressive strength model of confined concrete in a CFT column 
incorporating the effect of the confinement path can be predicted by: 
fee = fc + 2.2Afc0.3 O"ru 0.81 (3.10) 
where ,l is the effect index of the confinement path. For the whole-section-loaded CFT columns, ;i, 
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Fig. 3.16 Performance of the proposed model 
Fig.3. 16 shows the performance of the proposed model by comparison with the experimental 
results. The R-squared value for the proposed model is 0.9708. The mean and coefficient of variance 
(CoV) of the ratio of the results calculated by Eq.(3.10) to experimental results are 1.007, 0.073, 
respectively, indicating the proposed model performs well. 
It should be noted that the specimens tested in this paper to develop the model are with common 
combination of column parameters. The confinement paths and corresponding effects on the 
compressive strength for the extreme cases of CFT columns, e.g., high strength concrete filled thin-
walled low strength steel tube column, low strength concrete filled thick-walled high strength steel 
tube column needs to be further investigated. Besides, the specimens tested in this paper are al small 
sizes. It is important to study the confinement paths and their effects on the compressive strength of 
confined concrete in large-diameter CFT columns, which may provide a new understanding of the 
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3.4. Conclusions 
Based on the experimental tests, the confinement paths and the confinement path effects on the 
compressive strength of confined concrete in the whole-section-loaded CFT columns were studied in 
this paper. From the investigation, the following conclusions could be drawn: 
1. The influences of the column parameters, such as unconfined concrete strength, steel strength 
and Dlt ratio upon the confinement paths of confined concrete in the whole-section-loaded CFT 
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columns are different from those in concrete-loaded CFT columns. The confinement path in the pre-
fracture stage of the core concrete seems to be influenced more by the steel strength than by the 
concrete strength and the Dlt ratio, whereas the confinement path in the post-fracture stage of the core 
concrete is affected by al the parameters. The strengths of the concrete and the steel tube influence 
the slope of the confinement path in the post-fracture stage of concrete, the length of which, however, 
is affected by the Dlt ratio. 
2. The confinement path in the whole-section-loaded CFT column generally yielded a longer OA 
part, a shorter and lower AB part, a lower BC part with a shorter plateau, and a shorter CD part with 
a larger slope, leading to a smaller lateral stress domination index than that in the concrete-loaded 
CFT column, which indicates that the lateral stress plays a less dominant role in the confined concrete 
of whole-section loaded CFT columns. 
3. The compressive strength of confined concrete in both the whole-section-loaded and the 
concrete-loaded CFT columns with small confinement coefficients were path-dependent. The effect 
indices of the whole-section-loaded CFT columns are generally smaller than those of the concrete-
loaded CFT columns, which indicates that the confinement effects of the concrete in the former are 
worse than those in the later. For the confinement coefficient 17 less than about 0.2, the confinement 
effects of the concrete under the two loading conditions are nearly the same. 
4. With the increase of the confinement coefficient, the effect indices of both the whole-section-
loaded and the concrete-loaded CFT columns are equal to unity, which means the compressive 
strengths of confined concrete are path-independent for the CFT columns under the two loading 
conditions. 
5. A compressive strength model incorporating the confinement path effect was developed for 
the confined concrete in CFT columns under the two loading conditions. Good performance was 
verified in comparison with the experimental results. 
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CHAPTER 4. NUMERICAL STUDY OF THE BEHAVIORS OF AXIALLY LOADED 
LARGE-DIAMETER CFT STUB COLUMNS 
4.1. Introduction 
Concrete-filled stel tube (CFT) columns have been widely used in the practical engineering for 
their excellent responses under both static and dynamic loading [1,2]. Studies on the behaviors of 
CFT columns have been extensively conducted in the past decades [3-15], based on which many 
design codes or recommendations, such as EC4 (EN 1994-1-1) [16], GB (GB50936-2013) [17], AU 
(AIJ2008) [18] and AISC (AISC 360-10) [19] , have been developed to guide designs. It should be 
noted that, due to the experimental costs and the testing-equipment capacity, the models developed 
in the previous studies and the current codes are generally based on tests of small-size specimens, 
most of which are in the range of 100-200 mm [20]. However, in practical engineering, large-size 
CFT columns are used, with diameters typically larger than 600 mm [21]. The behavior of large-size 
concrete generally differs from that of small-size concrete due to the size effect, e.g., the compressive 
strength of concrete generally decreases as the size of the specimen increases [22]. Concrete cores 
are essential components of CFT columns. The size effect of concrete may lead to compressive 
behaviors of large-diameter CFT columns that totally differ from those of small-diameter columns. 
To investigate the behaviors of large-diameter CFT columns, experimental tests have been 
undertaken by certain researchers. Luksha et al. [23] conducted axial compression tests of CFT 
columns (159mms応 1020mm)to reveal the failure modes of large-diameter CFT columns. 
Different from small-diameter specimens, which fail due to the breakdown of the concrete in the 
buckling zone of the steel tube, large-diameter specimens were reported as shear failure. Wang et al. 
[21] tested CFT columns with diameters ranging from 153mm to 477mm and found that size effect 
on the peak axial stress tends to decrease with the increase of steel ratio. Zhu et al. [26] investigated 
axially loaded large-diameter concrete-filled high strength steel tubular stub columns. Experimental 
results were compared with those calculated by current design codes, and the EC4 design code was 
found to give the most accurate estimations. Wang et al. [24,25] tested circular CFT columns with 
different D/t ratios (55 and 88) and diameters (219mmsDs820 mm) to investigate size effect on the 
capacity of CFT columns, based on which a model considering the size effect was developed to 
predict the capacity of circular CFT columns. 
As discussed above, it can be seen that previous researches on the behaviors of large-diameter 
CFT columns are quite few. Although more test data are needed to understand the behavior of such 
columns, experimental tests are time-consuming and limited by the costs and capacity of testing 
equipment. In recent years, finite element (FE) techniques have become increasingly popular for 
simulating the behavior of CFT columns. By using the powerful commercial software, e.g. ABAQUS, 
investigation on the behavior of large-diameter CFT columns can be effective if suitable models of 
the materials are provided. Many FE models [2,27,31] have been proposed, and they are generally 
found to agree well with test data of CFT columns. However, most of the columns they collected to 
verify their models had diameters less than 300 mm. It is uncertain whether the existing models are 
also suitable for large-diameter columns. The objective of this paper would be: (1) developing a 
unified FE model that is applicable to both small-diameter and large-diameter CFT stub columns;(2) 
investigating size effects on the behaviors of CFT columns in details based on the proposed model. 
This paper is organized as follows: in section 2, a unified finite element model for axially loaded CFT 
columns is proposed; in section 3, a total of 214 CFT columns with diameters ranging from 60 mm 
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to 1020 mm are collected from the previous studies to verify the proposed model; in section 4, size 
effects on the behaviors of CFT columns are investigated in details based on the proposed model; in 
section 5, conclusions are drawn. 
4.2. Finite element models 
4.2.1. General introduction 
The commercial software ABAQUS [28] is used to simulate CFT columns. Both the steel tube 
and the core concrete are modelled by 8-node linear brick elements with reduced integration (C3D8R). 
Surface-to-surface contact is used to simulate the interaction between the concrete and the steel 
tube, and between the concrete and the end-plates. The inner surface of steel tube and the end plates 
act as the master surface, and the outer surface of concrete is the slave surface. Hard contact behavior 
in the normal direction and the Coulomb friction model with a friction coefficient of 0.6 for the 
tangent contact are used [27]. Tie constraints were defined between the steel tube and the rigid end-
plate. All the freedom degrees of the upper and bottom ends of the specimens are fixed except axial 
displacement at the loaded end. Displacement was applied to a reference point at the bottom end plate 
to model the compressive load. The concrete is meshed in the sliced way suggested by Al-Ani [2]. 
4.2.2. Model of steel tube 
The steel tube is assumed to be an isotropic material. The properties of steel tube are generally 
modelled by defining its mechanical behaviors, including elastic and plastic behaviors. 
To define the elastic behavior, the Young's modulus Es and Poisson's ratio v need to be provided, 
taken as 200 Gpa and 0.3, respectively, in this paper. 
To define the plastic behavior, the stress-strain relations for steel is necessary. Different stress-
strain models, including elastic-perfectly plastic model [29], elastic-plastic model with strain 
hardening [30,31] and rounded stress-strain model [32], were used in the previous studies. Although 
the stress-strains of different types of stels, such as carbon stel, high strength stel, varied, 
influences of different steel models upon the behaviors of CFT columns were found negligible at 
strains of general structural interest [27]. 
In this paper, a simple model considering the strain hardening of the steel tube is proposed based 
on regression of tensile tests of stel: 
炉r:(J;-J,)=鸞j~\~•:., ~E" (4.1) 
where as and ls are the stress and strain, respectively;fy is the yield stress of steel tube and窃呟sy+0.2%
is the yield strain, where lsy~ 公!Es;Juand品 arethe ultimate stress and strain, respectively, E is the 
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where Es is the Young's modulus of steel tube; 8p is the proportional limit strain and assumed to be 
0.75/y!Es・
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The ultimate stress of the steel tube Ju in Eq. (4.1) is predicted by the following equation if it is 
not reported for the specimen: 
f, = 0.961;, 十戸 (4.3) 
Eq. (4.3) is simple and has a wide validity range offy from198.6 to 1045 Mpa, which is regressed 
based on the tensile database with a total of 160 specimens collected from 22 studies. 
The ultimate strain of the steel tube eu in Eq. (4.1) is determined by [10]: 
10£ sy Ir豆 OOMpa
い[100-0.15 (.[y-300)] G8y 300<fr豆800Mpa (4.4) 
[ 25-0.1(.(y-800)]£sy 800<fr歪960Mpa
4.2.3. Model of concrete 
Similar to steel tube, the elastic and inelastic behaviors of concrete need to be provided for 
modelling. The Poisson's ratio of concrete is taken as 0.2, and Young's modulus Ee is determined 
based on the empirical equation in ACI 318 [33]: 
EC =4700fl (4.5) 
where Jc is the strength of unconfined cylinder concrete. 
The inelastic behavior of concrete is defined using the concrete damaged plasticity model, 
including plasticity, compressive behavior and tensile behavior. 





where dmax is the maximal size of coarse aggregate (in mm). A value of 20 (mm) is used if drnax is not 
available. The tensile strength of concrete is taken as O.lfc [27]. 
Modelling the parts of plasticity and compressive behavior of concrete are the most challenging 
ones for FE model. Many efforts have been made to develop suitable models for the two parts in 
previous studies based on the test results of CFT columns, which however are basically small-size. 
In this paper, a total of 214 specimens are collected from previous researches to develop models for 
the two parts. Large-size specimens with diameters up to 1020 mm are included, which aims to extend 
the applicability of existing models to large-size specimens. The collected specimens are then used 
again to verify the proposed models in section 3. The proposed models for the two parts are introduced 
in the following subsections. 
The plasticity 
The part of plasticity contains five parameters, i.e., dilation angle If/, eccentricity e, ratio of the 
compressive strength under biaxial loading to uniaxial compressive strength外咲，ratioof the second 
stress invariant on the tensile meridian to that on the compressive meridian Kc, and the viscosity 
parameter. Some studies used constant values for the five parameters, e.g., Han [31] and Duarte [ 56]. 
Some studies, however, used the models developed based on the experimental results for the five 
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parameters, e.g., Al-Ani [2] and Tao et al. [27]. Reasonably determining the five parameters is 
important for well predicting the load-deflection (N-LI/ s) relationship of a column. In this paper, the 
results of collected test data, especially large-size specimens, are used to develop the models. 
The first parameter is dilation angle, influencing the interaction between concrete and steel tube. 
A higher dilation angle leads to a better confinement effect of core concrete, resulting in a higher 
ultimate strength of the column. By calibrating with the test results of CFT columns, a model of 
dilation angle was proposed by Tao et al. [27], which, however, was・found to yield relatively 
conservative confinement. An empirical formula was then presented by Al-Ani [2]: 
-2.076虹 +16.708i;/-42.396点+63.n /v豆 00
\if~{--0.013 SC'+-0.6265C'-9 .55 SC+ 71. 49 f, > 400 
(4.7) 
where点岳Aガふ； Ac and As are the sectional area of core concrete and steel tube, respectively. 
Parameter C is given as: 
Jy 
C=点+1.9函 (4.8) 
Although Al-Ani's formula improved the prediction accuracy, it is relatively complex. For 
confined concrete, the dilation of concrete is influenced by lateral confinement [35], which is 
determined by the column parameters for CFT specimens. Based on the numerical analysis of 
collected test data, a new simple model of dilation angel is proposed as: 
lf/=130(1J+fc0・05)-6 +23 (4.9) 
where 1J is the confinement coefficient, defined as: 
2t f 
1J = _r_ 
D-2t fc 
(4.10) 
where D is the diameter of CFT column; t isthe thickness of stel tube. 
For flow potential eccentricity, a default value of 0.1, implying that the material has almost the 
same dilation angle over a wide confining stress values [28], is used. 
The ratio of the compressive strength under biaxial loading to uniaxial compressive strength外ol/c
is predicted based on the model of Papanikolaou et al. [34]: 
f ~= 1.5 /--0.075 
fc C 
(4.11) 
The ratio ofthe second stress invariant on the tensile meridian to that on the compressive meridian 
Kc is one of the parameters determining the yield surface of concrete, which significantly influences 
the post-yield stage of N一心&curvesof CFT columns [27]. Based on Yu et al. [35] and Eq. (4.11), if 
the compressive strength of confined concrete ([c) is given by /cc=Jc+k0r, where k isthe confinement 
factor and O"r is the lateral confining stres, Kc can then be derived as: 
Kc= 
k+2 
2 (fc O.o75 + k -I) 
(4.12) 
A constant value fork were generally used in previous studies [2,27], which may not be suitable 
in some cases for the complex behavior of confined concrete in CFT columns. It is known that the 
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confinement effects of concrete in CFT columns could vary significantly with different column 
parameters [37]. Obviously, a model of k considering the different confinement effects is necessary 
for well determining Kc, which is important to accurately predict the post-yield stage of N-LV & curves. 
In this paper, an empirical model of k isthen proposed based on regression analysis on the results of 







X < 0.049 
0.049~X~0.167 
X > 0.167 
(4.13) 
The viscosity parameter is the last parameter in this part, which represents the relaxation time of 
the viscoplastic system. A default value of 0.0 is used in this paper. 
The compressive behavior 
The compressive hardening/softening rule of concrete is defined in the part of compressive 
behavior. Reliable FE simulation of the behaviors of CFT columns requires the use of reasonable 
constitutive models of concrete, which is one of the main divergences in previous researches. 
Generally, two strategies were found for modelling concrete. One is using the models of confined 
concrete, e.g., Hu et al. [29], Ellobody et al. [52], Yu et-al. [57]. The other one is using the models of 
unconfined concrete, which is considered more reasonable since ABAQUS can simulate the 
composite effect between concrete and steel tube. However, it should be noted that although 
ABAQUS is powerful and can simulate the composite behaviors, the behavior of CFT columns 
generally cannot be predicted properly if the uniaxial a-& curve of unconfined concrete is directly 
used [35]. To deal with this limitation of ABAQUS, revised stress-strain models of unconfined 
concrete were widely used in the previous studies [2,27,31,36], which is also adopted in this paper. 
The model used includes three stages [27], i.e., an ascending stage, a plateau, and a descending 
stage. 
Different models, such as those ofHognestad [38], Samani and Attard [39], and Binici [40], 
were used to describe the ascending part in previous studies. In this paper, the form ofHognestad's 
model is used for its simplicity: 
舟~A(t)-{t) 。立立。 (4.14) 
where .sco is the strain of unconfined concrete corresponding to the peak stress, which is calculated 
by using the model of De Nicolo et al. [41]. 
知 =0。00076+↓(0.626fc-4.33)x10―7 (4.15) 
Parameter A equals 2 and B equals 1 for Hognestad's model, by using which, however, 
convergence problems occurred in some cases of simulations. In this paper, A and B are taken as 1.8 
and 0.8, respectively. It was found that the simulations using the modified model (i.e., A=l .8, B=0.8) 
are easier to converge, and basically yield the same results with those using Hognestad's model. 
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The stress of concrete maintains a constant value of/c between &o and &c, where &c is ultimate 
strain of concrete at peak stress describing the improved ductility due to the confinement effect. It 
was found that the ultimate strain of concrete at peak stress &c is related to the lateral confining stress 
[39], and the confining stress can be determined by the column parameters [27], which suggests &c 
may be determined directly from the column parameters. In this paper, a simple model of &c is then 
proposed as: 
&~-e~[5xexp(---0.0036J; 喜）十1] (4.16) 
The model proposed by Binici [40] is widely used to determine the descending part of the stress-
strain curve [2,27], and is also adopted in this paper: 
o-, -_t; +(_t; -_t;) exp[ -(6' ―~&00 『] &~& C CC (4.17) 
where fr is the residual stress; a and /3 are parameters affecting the shape of the descending part of 
the stress-strain curve. The smaller the residual stress and parameter a, the lower and steeper the 
descending part of the stress-strain curve of concrete. 
It should be noted that the most difficult part for the simulation of a CFT column is to predict the 
post-yielded behavior, the variations of which are mainly caused by the model of descending branch 
used in previous researches. High performances of the descending branch models of concrete, namely 
the models of residual stress, as well as parameters a and /3, are the key to well predict the N-心
curves of CFT columns. ・ 
Previous study [23] found that as column size increases, the failure modes of CFT columns change 
from plastic to shear. This brittle failure mode suggests that a lower residual stress of confined 
concrete may be achieved for a larger-diameter column. Moreover, the descending part of the stress-
strain curve of confined concrete was found to be steeper with increase of the specimen size [51]. 
That is, parameter a will be smaller for large-diameter specimen. As discussed above, the descending 
branch of concrete is influenced by column size. 
Several models for determining the descending branch of concrete were proposed in previous 
studies [2,27]. However, for that the influence of column sizes is not considered in existing models, 
satisfactory results for large-diameter columns are generally not achieved by using these models. To 
extend the applicability of existing models to large-size specimens, the residual stress fr and parameter 
a for the concrete in CFT columns with different sizes are carefully investigated based on test results 
of collected specimens. Regression analysis was then conducted to develop new models incorporating 
the influence of column size for Jr and parameter a: 






It should be noted that.fr will be taken as 30 if the result obtained by Eq. (4.18) is higher than 30. 
Parameter f3 is taken as 1.0 in this paper. Additionally, al the models proposed in this section are 
empirically developed based on careful regression analysis of the test results, the rationality and 
performance of which will be verified in the following section. 
4.3. Verification of the proposed FE model 
The collected specimens with a total of214 CFT specimens are used to verify the performance of 
the proposed FE model. All the specimens are stub columns with LID not more than 3.5. The collected 
data are divided into two groups, i.e., small-diameter columns and large-diameter columns. Small-
diameter column refers to the column with a diameter less than 300 mm, and large-diameter columns 
would be the columns with diameters not less than 300 mm. The details of collected small-and large-
diameter columns are summarized in Table 1 and 2, respectively. From the tables, it can be seen that 
the collected specimens cover a wide range of columns parameters, including D=60-l 020 mm; 
灼=185.7-853Mpa;Jc=l5-168 Mpa; D/t=16.7-319.2. It should be noted that in previous studies the 
concrete strengths were defined based on different test standards, e.g.,/cu1so(obtained using a 150 mm 
cube), /cu100(obtained using a 100 mm cube) and知 o(obtained using a 100*200 mm cylinder 
concrete). To convert/cu1so to a standard cylinder concrete strength, the model proposed by L'Hermite 
[ 42] is used: 
f, = [ 0.76+0.2log,, ({: 嘉゚）]1~,,, (4.20) 
The model suggested by Rashid [43] is adopted to convert知 oto the standard cylinder concrete 
strength, and a similar relationship for the conversion between the fcu100 and知 sosuggested by Lu et 
al. [7] is used in this paper, that is: 
h = 0.96 fcylO 
fcul50 = 0.96 huJOO 
(4.21) 
(4.22) 
The performance of the proposed model will be assessed by comparing the ultimate strength and 
the load-deflection curve of CFT columns predicted by the proposed model with the experimental 
results and those predicted by the existing model of Tao et al. which has been widely used in previous 
researches [10,55]. It should be noted that the definition of the ultimate strength of a column is the 
same as that reported in the previous studies. If not reported, then the definition suggested by Tao et 
al. [27] will be used. That is, if the strain corresponding to the first peak load is less than 0.01, the 
ultimate strength will be taken as the first peak load; otherwise the load at the strain of 0.01 will be 
taken as the ultimate strength. 
4.3.1 Small-diameter CFT columns 
The performance of the proposed model will be firstly assessed by using the collected 
experimental results of small-diameter CFT columns in Table 1. The comparison of the ultimate 
strengths between those predicted by the FE models and the experimental results are shown in Fig.4. 
1, and the mean value and coefficient of variation (CoV) of the ratio of the predicted ones (Npr。and
Nexist) to the experimental results(Nexp) are given in Table 3, where Npr。isthe ultimate strength 
predicted by the proposed model, and Nexist refers to the one predicted by the existing model of Tao 
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et al. From the table, it can be seen that the mean value and Co V of Npro/Nexp are 0.9920 and 0.0837, 
respectively, which of NexisJNexp are 0.9603 and 0.0890, respectively. This suggests that the ultimate 
strengths of small-diameter CFT columns predicted by the proposed model agree well with the test 
results. The existing model predicts slightly conservative results but with reasonable accuracy. 
The prediction accuracy of the proposed model for the load-deflection relationship (N妥 Li)of 
small-diameter CFT columns is illustrated in Fig.4.2. Four specimens are carefully selected from the 
previous researches to cover a wide range of column parameters and material types. The predicted N-
Li curve of a normal concrete filled steel tube (NCFT) column is compared with the experimental 
results in Fig.4.2(a), while that of a self-consolidating concrete filled steel tube (SCCFT) column is 
given in Fig.4.2(b). The N妥 Licurve for the specimen using high strength steel ({y=853 Mpa) and that 
using high strength concrete係=156.5Mpa) are shown in Fig.4.2(c) and (d), respectively. 
















































































































































































































(a)Tao et al's model (b)The proposed model 
Fig.4.1. Comparison between the predicted ultimate strengths and experimental results for 
small-diameter CFT specimens 
It can be seen that both the proposed and existing models perform well for NCFT column. For the 
SCCFT columns, the ascending part of the curve is predicted well by existing model, but the 
descending part is predicted quite conservatively. Although the descending part is also not so well 
predicted by the proposed model, the accuracy of the proposed model is better than the existing model. 
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For the specimen using high strength stel, existing model slightly underestimates the post-yielding 
part of the column, while the result predicted by the proposed model agrees well with the test result. 
For the specimen using high strength concrete, both the proposed and the existing models 
underestimate the ultimate strength of the column and slightly overestimate the descending part of 
the curve. In general, both the proposed and the existing models give reasonable predictions for the 
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Fig. 4.2 Comparison between the predicted N妥 LIcurve and test results for small-diameter CFT 
columns 
As discussed above, by comparing with the experimental results in Table 1, it was found that the 
proposed model performs well for the small-diameter CFT columns with a wide range of column 
parameters and material types. The existing model predicts the ultimate strength with reasonable 
accuracy, and the prediction of N妥 LIcurve generally agrees well with the test results. That is, the 
behaviors of small-diameter CFT columns can be well predicted by both the proposed and the existing 
models. 
4.3.2. Large-diameter CFT columns 
In this section, the performance of the proposed model will be further assessed for large-diameter 
CFT columns. A total of 73 specimens with diameters ranging from 300-1020 mm are collected from 
the previous studies, the details of which can be seen in Table 2. 
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The ultimate strengths predicted by the proposed and the existing models are compared with the 
experimental results in Fig.4.3, and the mean value and coefficient of variation (CoV) of NprolNexp 
and NexisJNexp can be seen in Table 3. The mean value and CoV of NprolNexp are 0.9957 and 0.1107, 
respectively, which suggests the ultimate strengths oflarge-diameter CFT columns are well predicted 
by the proposed model. The mean value and CoV of NexisJNexp are 0.9303 and 0.1404, respectively, 
indicating that the existing model predicts conservative results for the large-diameter columns. The 
results for al the specimens are also given in Table 3. It can be seen that the proposed model is more 
accurate than the existing model. 
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(a)Tao et al's model (b)The proposed model 
Fig. 4.3 Comparison between the predicted ultimate strengths and experimental results for large-
diameter CFT specimens 
In terms of the prediction accuracy of load-deflection curve for large-diameter CFT specimens, 
eight specimens reported by Y.Y. Wang [21], W.J. Wang [24], and L. Zhu [26] are used to verify the 
performance of the proposed model. Comparison between the experimental results and the predicted 
ones for large-diameter specimens are shown in Fig.4.4. From the figure, it can be found that: 
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(1) The ascending branches of the NぷLIcurves are al well predicted by both the proposed and 
the existing models; 
(2) For the descending branch of the N妥 Acurves, the existing model generally gives relatively 
conservative predictions, while results of the proposed model generally agree well with the 
experimental results; 
(3) The existing model predicts conservative ultimate strengths for the columns, while reasonably 
accurate results are achieved by the proposed model. 
Table 3. Comparison of the ratio of predicted ultimate strength to the experimental results 
Number of The existing model The proposed model 
specimens Mean CoV Mean CoV 
Small-diameter specimens 141 0.9603 0.0890 0.9920 0.0837 
Large-diameter specimens 73 0.9303 0.1404 0.9957 0.1107 
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Fig. 4.4 Comparison between the predicted N忍L1curve and test results for large-diameter CFT 
columns 
Discussions in this section suggest that results oflarge-diameter CFT columns are conservatively 
predicted by the existing model, which, however, are well simulated by the proposed model. 
4.4. Size effects on the behaviors of CFT columns 
4.4.1. Specimen design 
Large-diameter CFT columns have been commonly used in practical engineering, the behaviors 
of which should be clearly understood. Systematic studies on the behaviors oflarge-size CFT columns 
are difficult due to the high cost and limit oflarge capacity oftest equipment, thus size effects ofCFT 
columns have not been investigated sufficiently til now. The good performance of the proposed FE 
model for both small-and large-diameter CFT columns has been verified in section 3. This section 
aims to provide a systematic understanding of size effects on the behavior of CFT columns by using 
the proposed model. For this purpose, three groups of specimens are designed, details of which are 
given in Table 4, 5 and 6: 
(1). Specimens in table 4 are used to study the size effects on behaviors of CFT col~mns with 
different strength steels. Three strength grades of steels, i.e., 200 Mpa, 500 Mpa and 800 Mpa, are 
used. Concrete strength and Dlt ratio are 65 Mpa and 62.5, respectively. 
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Table 4. Specimens for studying size effects on behaviors of CFT columns with different 
strength steels 
Specimen fy(Mpa) .fc(Mpa) D(mm) t(mm) Dlt L 
C2-65-62.5-100 200 65 100 1.6 62.5 300 
C2-65-62.5-350 200 65 350 5.6 62.5 1050 
C2-65-62.5-600 200 65 600 9.6 62.5 1800 
C2-65-62.5-850 200 65 850 13.6 62.5 2550 
CS-65-62.5-100 500 65 100 1.6 62.5 300 
CS-65-62.5-350 500 65 350 5.6 62.5 1050 
CS-65-62.5-600 500 65 600 9.6 62.5 1800 
CS-65-62.5-850 500 65 850 13.6 62.5 2550 
CS-65-62.5-100 800 65 100 1.6 62.5 300 
CS-65-62.5-350 800 65 350 5.6 62.5 1050 
CS-65-62.5-600 800 65 600 9.6 62.5 1800 
CS-65-62.5-850 800 65 850 13.6 62.5 2550 
Table 5. Specimens for studying size effects on behaviors of CFT columns with different 
strength concretes 
Specimen fy(Mpa) .fc(Mpa) D(mm) t(mm) Dlt L 
CS-25-62.5-100 500 25 100 1.6 62.5 300 
C5-25-62.5-350 500 25 350 5.6 62.5 1050 
C5-25-62.5-600 500 25 600 9.6 62.5 1800 
CS-25-62.5-850 500 25 850 13.6 62.5 2550 
CS-65-62.5-100 500 65 100 1.6 62.5 300 
CS-65-62.5-350 500 65 350 5.6 62.5 1050 
C5-65-62.5-600 500 65 600 9.6 62.5 1800 
CS-65-62.5-850 500 65 850 13.6 62.5 2550 
C5-110-62.5-100 500 110 100 1.6 62.5 300 
C5-ll 0-62.5-350 500 110 350 5.6 62.5 1050 
C5-110-62.5-600 500 110 600 9.6 62.5 1800 
C5-110-62.5-850 500 110 850 13.6 62.5 2550 
Table 6. Specimens for studying size effects on behaviors of CFT columns with different D/t 
ratios 
Specimen fy(Mpa) _.fc(Mpa) D(mm) t(mm) Dlt L 
CS-65-25-100 500 65 100 4 25 300 
CS-65-25-350 500 65 350 14 25 1050 
CS-65-25-600 500 65 600 24 25 1800 
CS-65-25-850 500 65 850 34 25 2550 
C5-65-62.5-l 00 500 65 100 1.6 62.5 300 
CS-65-62.5-350 500 65 350 5.6 62.5 1050 
CS-65-62.5-600 500 65 600 9。6 62.5 1800 
CS-65-62.5-850 500 65 850 13.6 62.5 2550 
CS-65-125-100 500 65 100 0.8 125 300 
CS-65-125-350 500 65 350 2.8 125 1050 
CS-65-125-600 500 65 600 4.8 125 1800 
CS-65-125-850 500 65 850 6.8 125 2550 
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(2). Specimens in table 5 are used to study the size effects on behaviors of CFT columns with 
different strength concretes. Three strength grades of concretes, i.e., 25 Mpa, 65 Mpa and 110 Mpa, 
are used. Steel strength and Dlt ratio are 500 Mpa and 62.5, respectively. 
(3). Specimens in table 6 are used to study the size effects on behaviors of CFT columns with 
different Dlt ratios. The Dlt ratios of specimens are 25, 62.5 and 125. Steel strength and concrete 
strength are 500 Mpa and 65, respectively. 
All the specimens are stub columns with LID equals 3. The diameters of columns designed range 
from 100 mm to 850 mm. 
The axial stress-strain of steel tube (CJ'sz畜） and core concrete (CJ'cz-&z) at the mid-height of the 
columns are investigated, where axial strain &z is taken as the ratio of axial displacement to the column 
length. The axial stress of steel tube CJ'sz can be obtained directly from the simulation results, whereas 
the axial stress of core concrete CJ'cz is determined by: 
N-a A 
(j = sz s 
CZ A 
C 
where N is the compressive load of CFT column. 
4.4.2. Results and discussions 
(4.23) 
Size effects on the axial stress-strains of steel tube for CFT columns can be seen in Fig.4.5. All 
the axial stresses are normalized with the yield strength of stel. In general, the axial stress-strain has 
an ascending branch, a softening branch and a strain hardening branch. It seems that the size of 
column only influences the softening and strain hardening branches. The larger the size, the steeper 
the softening branch and the significant the strain hardening. 
The axial stress-strains of steel tube for CFT columns with different strength steels are shown in 
Figs.4.5(a)-(c). It can be seen that: 
(1) For CFT columns using higher strength steel, the steel tube yields a smaller normalized axial 
strength but higher residual stress. 
(2) Size effect on the axial stress-strain curve of steel tube is more significant for CFT column 
using a lower strength steel. 
The axial stress-strains of steel tube for CFT columns with different strength concretes are shown 
in Figs.4.5(d)ー(f).It can be seen that: 
(1) Specimen with higher strength concrete generally yields a lower residual stress. However, the 
normalized axial strengths of steel tube of al specimens are about 0.87, indicating that 
concrete strength hardly influences the peak value of axial stress of steel tube. 
(2) Size effect on the axial stress-strain curve of steel tube is more significant for CFT column 
using a higher strength concrete. This may be because higher strength concrete is more britle, 
leading to more abrupt fracture and expansion of core concrete. Since steel tube constrains 
the expansion of concrete, sudden expansion of high strength concrete may manifest the size 
effect on the behavior of steel tube. 
The axial stress-strains of steel tube for CFT columns with different Dlt ratios are shown in Figs. 
4.5(g)-(i). From the figures, it was found that: 
(1) For CFT columns with larger Dlt ratios, the steel tube yields a smaller normalized axial 
strength and lower residual stress. 
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(2) Size effect on the axial stress-strain curve of steel tube is more significant for CFT column 
with larger D/t ratios. 
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Fig. 4.6 Size effects on the axial strength of stel tube 
53 
The relationship between Rsn and diameter of column is given in Fig.4.6。Itcan be observed that 
the axial strengths of steel tube generally decrease with the size of column. However, size effect on 
the axial strength of steel tube is quite insignificant. 
As discussed above, the normalized axial strength of steel tube is only significantly influenced by 
the steel strength and Dlt ratio. A lower normalized axial strength of steel tube is generally yielded 
for the specimen with a higher strength steel and/or larger Dlt ratio. Residual stress of steel tube is 
significantly affected by steel strength, concrete strength and Dlt ratio. Steel tube for specimen with 
a lower strength stel, higher strength concrete and/or larger Dlt ratio exhibits a lower residual stress. 
Size effect on the axial stress-strain curve of steel tube is more significant for CFT column with a 
lower strength stel, higher strength concrete, and/or larger D/t ratio. However, in general, the size 
effect on the axial stress-strain of steel tube is insignificant. 
Size effects on the behavior of concrete are also investigated in this section. Fig.4.7 shows the 
stress-strains of concrete with different column diameters. In general, the axial stress-strain of core 
concrete has an ascending branch and a softening branch. It was found that the size of column hardly 
affects the ascending branch, but significantly influences the softening branch. The larger the size, 





















































































(1). The residual stress of core concrete increases with the steel strength. However, the normalized 
axial strengths almost remain unchanged. This suggests using higher strength stel can hardly 
increase the peak value of axial stress of confined concrete but improve its pro-yielded behavior. 
(2). Size effect on the strength of core concrete is found less significant for CFT column using 
lower strength stel. This may be because lower strength steel is more ductile, leading to fuller 
interaction between steel tube and concrete. 
Figs.4.7(d)ー(f)show the axial stress-strains of core concrete for CFT columns with different 
strength concretes. It was found that: 
(1). The normalized axial strength and residual stress of core concrete decreases with concrete 
strength. 
(2). Size effect on the axial stress-strain of concrete is less significant for the specimen with a 
higher strength concrete, suggesting higher strength concrete benefits more from the confinement 
effect resulted from the steel tube. 
Figs.4.7(g)ー(i)show the axial stress-strains of core concrete for CFT columns with different Dlt 
ratios. It can be seen that: 
(1). The normalized axial strength and residual stress of core concrete decreases with D/t ratios. 
(2). Size effect on the axial stress-strain of concrete is less significant for the specimen with a 
larger Dlt ratio. This may be because local buckling of the steel tube, tending to appear in the 
specimen with a larger Dlt ratio, generally results in a loss of the axial stress of the steel tube, which, 
based on the von Mises yielding criteria, will lead to a higher hoop stress of the steel tube (i.e., fuller 
confinement). 
Similar to steel tube, a strength reduction factor RcD is defined to investigate the size effect on the 





where/cm,D are the maximal axial stress of core concrete for CFT column with a diameter of D. 
Relationship between Ren and diameter of column is given in Fig.4.8. The strength reduction of 
plain concrete, obtained by Sakino et al.'s model [5], i.e., R戸 l.67Dc-0・112,where De is the diameter 
of concrete, is also given in the figures for comparison. From Fig.4.8, it was found that the axial 
strengths of confined concretes in CFT columns decrease with the size of column. However, its size 
effect is less significant than that of plain concrete, which could be attributed to the confinement 
effect resulting from the steel tube. That is to say, confinement effect could mitigate the size effect. 
Since confinement effect differs for the CFT specimens with different column parameters, the 
mitigation degree of size effect would be different. Results from Fig.4.8 suggest that size effect on 
the axial strength of confined concrete would be less significant for the CFT specimen with a lower 
strength stel, higher strength concrete, and/or larger Dlt ratio, which is consistent with the 
observation ofFig.4.7. However, it should be noted that strength reductions for the column using the 
stel tube with a strength of 500 Mpa are almost the same with those using 800 Mpa [Fig.4.8(a)], 
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Fig. 4.8 Size effects on the axial strength of core concrete 
As discussed above, the normalized axial strength of concrete is significantly influenced by the 
concrete strength, Dlt ratio, and the size of column D. A lower normalized axial strength of steel tube 
is generally yielded for the specimen with a higher strength concrete, larger Dlt ratio, and/or lager 
size of column. Residual stress of steel tube is significantly affected by al the parameters. Concrete 
for specimen with a lower strength stel, higher strength concrete, larger D/t ratio, and/or larger size 
of column generally exhibits a lower residual stress. Size effect on the axial stress-strain curve of 
concrete is more significant for CFT column with a higher strength stel, lower strength concrete, 
and/or smaller Dlt ratio. 
4.5. Conclusions 
This paper developed a unified model applicable to both small-and large-diameter CFT columns, 
based on which size effects on the behaviors of steel tube and concrete in CFT columns are 
investigated. The following conclusions could be drawn: 
1) The existing model predicts conservative results for large-diameter columns. A unified model 
applicable to both the small-and large-diameter CFT stub columns is proposed, which is 
verified by comparison with the experimental results of 214 collected specimens with 
diameters ranging from 60 mm to 1020 mm and those predicted by the existing model. 
Results predicted by the proposed model are found to agree well with the experimental data 
for both small-and large-diameter CFT columns and more accurate than the existing model. 
2) Normalized axial strength of steel tube is only significantly influenced by the stel strength 
and D/t ratio. A lower normalized axial strength of steel tube is generally yielded for the 
specimen with a higher strength steel and/or larger Dlt ratio. 
3) Normalized axial strength of concrete is significantly influenced by the concrete strength, Dlt 
ratio, and the size of column D. A lower normalized axial strength of concrete is generally 
yielded for the specimen with a higher strength concrete, larger D/t ratio, and/or lager size of 
column. 
4) Size effects are significant for the core concrete in CFT columns, which, however, are not for 
the stel tube. 
5) Size effect on the behavior of core concrete is also influenced by the column parameters (i.e., 
五ふandD/t ratio), which is found more significant for the specimen with a higher strength 
stel, lower strength concrete, and/or smaller Dlt ratio. 
6) Additionally, size effect on the behavior of core concrete in the CFT column is found 
mitigated due to the confinement effect resulting from the stel tube. 
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It should be noted that the FE model proposed in this paper just provides a possible way for 
investigating the size effect ofCFT columns. The experimental tests are stil essentially important for 
understanding the mechanism of size effects. Til now, to the best of the authors'knowledge, there 
are not more than five experimental researches on the behaviors of large-size CFT columns. 
Compared to hundreds of studies of small-size columns, more investigation oflarge-size columns are 
urgent needs. 
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CHAPTER 5. DESIGN-ORIENTED STRESS-STAIN MODELS FOR AXIALLY 
LOADED CIRCULAR CFT STUB COLUMNS CONSIDERING THE SIZE EFFECTS 
5.1. Introduction 
Concrete-filled steel tube (CFT) columns, as a composite structure, combine the advantages of 
the constituent steel and concrete materials [I]. The restraining effect of the concrete can prevent or 
at least delay local buckling of the steel tube, while confinement resulting from the steel tube increases 
the strength of the concrete [2]. This mutual interaction between concrete and steel tube leads to an 
excellent performance of high strength, stiffness and ductility of CFT columns [3]. 
Many experimental tests have been done to investigate the behaviors of CFT columns, which is 
found to be influenced by the column parameters, such as stel strengths, concrete strengths, and the 
diameter-to-thickness ratio. Although experimental tests are important for the investigation of CFT 
columns, they are generally expensive and time consuming. Finite element method is an alternative 
way to investigate the behaviors of CFT columns. Detailed three-dimensional (3D) finite-element 
(FE) models by using commercial software, e.g. ABAQUS, allow the direct modelling of the 
composite action between the steel and concrete components, with local and global imperfections, 
residual stresses and boundary conditions considered [4]. In general, 3D FE models can precisely 
predict the behavior of composite structures, which, however, are tedious and complicated to build 
and impractical for the analysis of large structural systems or for routine design [5]. To achieve a 
balance of efficiency and accuracy, fiber-based element (FBE) method was generally used for design 
for its simplicity and high computational efficiency [6], to develop which, the effective stress-strain 
models of steel tube and concrete, accounting for the composite effects, are necessary. 
Several effective stress-strain models for FBE analysis were available for the analysis of CFT 
members in previous studies, such as Tang et al. (1996) [7], Shams and Saadeghvaziri 1999 [8], 
Susantha et al. (2001) [9], Han et al. (2005) [10], Hatzigeorgiou (2008a) [11], Denavit and Hajjar 
(2012), Lai and Varma (2016), and Katwal et al.(2017). These models are mainly developed based 
on and/or calibrated with the test data of relatively small-size specimens. However, large-size CFT 
columns are used in practical structures. Previous studies [ 11-13] suggest that behaviors of large-size 
CFT columns were found different from those of small-size specimens. Thus, the applicability of 
existing FBE models to large-size CFT columns is doubtful. Although some existing models, such as 
Sakino et al. (2004) [14], Liang and Fragomeni (2009) [15], have considered the size effects, they 
simply introduced a reduction factor developed based on plain concrete to account for the size effect 
on the peak strength of concrete in CFT columns. Generally, the most difficult part of predicting the 
behaviors of CFT columns are the descending branches, which are also found to be influenced by the 
column size. Til now, no models incorporated such influences. This paper aims to fix the drawback 
of existing models and develop FBE models applicable to both small-and large-size CFT columns. 
For this purpose, behaviors of CFT columns with different size will be investigated firstly. Since 
systematical investigation on the large-size CFT columns, are generally costly and difficult for 
experimental tests, in this paper, the 3D FE model proposed by the authors, which was found to 
perform well for both the small-and large-size CFT specimens, will be used to study the influences 
of column parameters and sizes on the stress-strain curves of steel tube and concrete, based on which 
the FBE models incorporating the size effects will be proposed. 
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5.2. Reviews of existing FBE models for CFT columns 
FBE model generally includes two parts, i.e., effective stress-strain model of steel tube and 
concrete. Several FBE models for the analysis of CFT columns have been proposed in previous 
researches primarily based on either the results of experimental tests or 3D FE models. 
For the model of steel tube, three strategies can be found in existing literatures, including elastic-
perfectly plastic model [e.g., Sakino et al. (2004) ,and Lai and Varma (2016)], elastic-plastic model 
with strain-hardening [ e.g., Tang et al., Hatzigeorgiou, and Liang and Fragomeni], and Elastic-plastic 
model with a softening part [e.g., Denavit and Hajjar (2012), and Katwal et al.]. 
The other important part, that make much difference on the accuracy of FBE model, is the 
effective stress-strain model of concrete. Many efforts have been made to develop such models, and 
generally there were three strategies adopted in the existing researches. Lai et al. conducted 
parametrical studies on the stress-strain by using 3D FE model, based on the results of which, a form 
of ascending-plateau was adopted to develop the model of concrete in circular CFT columns. Sakino 
et al. tested 36 circular CFT columns, and an ascending-descending form, which is modified from the 
models of actively confined concrete was used to develop the model of concrete. Another common 
strategy used is the form of ascending-descending-plateau. Considering that core concrete generally 
experiences good confinement due to the ful interaction of steel tube and concrete in the post-yielded 
phase of CFT columns, a plateau could be expected in this stage. The form of ascending-descending-
plateau are considered more reasonable to model the stress-stram curve of concrete m circular CFT 
columns, thus are widely used in previous researches, such as Susantha, Hatzigeorgiou, Liang et al., 
and Katwal et al. Table 5.1 briefly summarized some of the existing models of concrete, where o-c 
and &c is the axial stress and strain of concrete, which at the peak point of CFT column are indicated 
by /c and硲， respectively.
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Table.5 .1. summary of existing models of concrete in CFT columns 
Refs. Axial stress-strain curve Peak stress応 Peak strain &cc 
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5.3. Development of effective stress-strain models 
A unified 3D FE model recently proposed by the author is used to generate effective stress-strain 
curves of steel and concrete. Effective stress-strain models will be developed through regression 
analysis based on the results of comprehensive parametric studies. 
A total of 28 specimens are designed to study the influences of column parameters, including 
stel yield strengthfy, concrete compressive strength Jc and ratio of column diameter to steel thickness 
Dlt, and size effects on the effective stress-strain curves. A wide range of parameters are covered, 
includingfy=200,500 and 800 Mpa,Jc=25,65 and 110 Mpa, Dlt=25, 62.5 and 125, D=lOO, 350,600 
and 850. All the specimens are identified as: fy如Dlt-D.Details of al the specimens are given in 
Table 5.1. 
Table 5.1. Specimens designed for studying the effective stress-strain curves of stel tube and 
concrete 
Specimen fy(Mpa) ./c(Mpa) D(mm) t(mm) Dlt L 
C2-65-62.5-l 00 200 65 100 1.6 62.5 300 
C2-65-62.5-350 200 65 350 5.6 62.5 1050 
C2-65-62.5-600 200 65 600 9.6 62.5 1800 
C2-65-62.5-850 200 65 850 13.6 62.5 2550 
CS-65-62.5-100 500 65 100 1.6 62.5 300 
CS-65-62.5-350 500 65 350 5.6 62.5 1050 
CS-65-62.5-600 500 65 600 9.6 62.5 1800 
CS-65-62.5-850 500 65 850 13.6 62.5 2550 
CS-65-62.5-100 800 65 100 1.6 62.5 300 
CS-65-62.5-350 800 65 350 5.6 62.5 1050 
CS-65-62.5-600 800 65 600 9.6 62.5 1800 
CS-65-62.5-850 800 65 850 13.6 62.5 2550 
CS-25-62.5-100 500 25 100 1.6 62.5 300 
CS-25-62.5-350 500 25 350 5.6 62.5 1050 
CS-25-62.5-600 500 25 600 9.6 62.5 1800 
CS-25-62.5-850 500 25 850 13.6 62.5 2550 
C5-110-62.5-100 500 110 100 1.6 62.5 300 
C5-1 l 0-62.5-350 500 110 350 5.6 62.5 1050 
C5-110-62.5-600 500 110 600 9.6 62.5 1800 
C5-l 10-62.5-850 500 110 850 13.6 62.5 2550 
CS-65-25-100 500 65 100 4 25 300 
CS-65-25-350 500 65 350 14 25 1050 
C5-65-25-600 500 65 600 24 25 1800 
CS-65-25-850 500 65 850 34 25 2550 
CS-65-125-100 500 65 100 0.8 125 300 
C5-65-125-350 500 65 350 2.8 125 1050 
C5-65-125-600 500 65 600 4.8 125 1800 
CS-65-125-850 500 65 850 6.8 125 2550 
Effective stress-strain of steel tube (O"sz-&z) and concrete (O"cz-&z) will be taken as the average axial 
stress-strain of steel tube and core concrete at the mid-height of the columns, where axial strain Sz is 
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taken as the ratio of axial displacement to the length of column. The axial stress of steel tube CTsz can 







where N is the axial load of column, As and Ac are the sectional areas of steel tube and core concrete, 
respectively. 
5.3.1. Stress-strain modelling of steel tube 
The generalized stress-strain curve of steel tube based on 3D FE modelling can be seen in Fig.5.2 
and 3. It was found that stress-strain curve of steel tube generally includes three parts, i.e., an 
ascending branch, a descending branch and a strain-hardening branch. Based on the observation, a 
three-stage relationship is proposed to model the effective stress-strain curve of steel tube, the 
schematic curve of which can be seen in Fig.5.1. The stress of steel tube at the peak point A is denoted 
a廷m,and稔mis the corresponding strain. &sh and麺 arethe strain and stress at the point B of strain-











Axial strain (Ei) 








,&sm < &~8sr (5.2) 
， &>& sr 
where£ 戸=/sml&sm; ,1 is the parameter determining the slope of descending branch, taken as 0.8. 
According to Eq. (5.2), only three anchor points, i.e., A, B and C, are required to model the 
effective stress-strain curve of steel tube. It is known that the behavior of CFT columns depends on 
the column parameters, such as steel yield strength ({y), concrete compressive strength (/c), Dlt ratio, 
and the size of column (D). This suggests the effective stress-strain curves could be significantly 
influenced by these parameters. Nine specimens with a diameter of 100 mm are used to study the 
influences of fy, Jc and D/t ratio on effective stress-strain curves firstly, which are shown in 
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Fig.5.2(a),(b) and (c), respectively. Size effects on the stress-strain curves are then studied in Fig.5.3. 
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Fig.5.2 Influence of column parameters on effective stress-strain curves of steel tube 
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Fig.5.3 Size effects on the effective stres;;-strain curves of steel tube 
From Fig.5.2 and 5.3, it can be seen that the normalized peak stress of steel tube Ism decreases 
with increasing灼andDlt, but hardly influenced by Jc and D. Similar results are found for the strain 






&sm = 10-6 (1.1//12+43)(29-o.if〕
(5.3) 
(5.4) 
Different fromfsm, Fig.5.2 suggests that the stress/sr at point Bis influenced by al the column 
parameters. Also, according to Fig.5.3ふ isfound to vary with diameters of the columns, indicating 
that size effect should be considered. A model ofが sthen given as: 
fsr = Rd,srfsr,10 (5.5) 
where /sr,10 is the stress at point B for the specimen with a diameter of 100 mm; Rd,sr is a reduction 
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Fig.5.4 Influence of column parameters on恥 0
Relationship between/sr,100 and the column parameters are given in Fig.5.4. It is found that a 
smaller value of加 o,indicating specimen experiences a more brittle failure behavior, is generally 
yielded for the specimens with a lowerfy, higher Jc and/or lager Dlt, which also can be seen in Fig.5.2. 
That is because such specimens have worse confinement effects. Based on the regression analysis, 











Size effect on the stress at critical point B is indicated by index Rc1,sr-The greater the variation 
between unity and Rd,sr, the significant the size effect. Fig.5.3 suggests that size effect on the stress at 
point B is significant only for the specimen with a low strength steel, see Fig.5.3(a). That is, size 
effect on Rd,sr is only significantly influenced by steel strength. Relationship between Rd,sr and 
diameter D with different steel strength is shown in Fig.5.5, which, based on the results, can be given 
in exponential fonn: 
R b 
d,sr =aD (5.8) 
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Fig.5.6(a) Parameter a versus/y Fig.5.6(b) Parameter b versusfy 
Influences of steel strength on parameters a and bare shown in Fig.5.6(a) and (b), respectively. 
It can be seen that with the increase of fy, parameter a decreases and approaches unity gradually, 
whereas parameter b increases and tends to zero. Based on the results, models for a and b are then 
proposed as: 
a= I +6.2 X 105 .[y-Z.4S 
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Fig.5.8 Size effect on稔r
Influence of column parameters and size on the strain知 atpoint Bare given in Fig.5.7 and Fig.5.8, 
respectively. It was found that strain at point B is larger for the specimen with a higher strength stel, 
lower strength concrete, and/or smaller Dlt ratio. Additionally, Fig. 5.8 suggests that a larger size 
column will yield a smaller£sr. Based on the results, a model to calculate£sr considering size effect is 
given as: 
和 =5.8x10―7[ ln (D)-12] / 0・53 
D 
Y (fc-229)exp(-o.003-) (5.11) 
The ultimate stress Jw and strain ,;, are determined by Katwal et~ し:]model, given as: 
ム-.t;,[ 6.8-0.013点ー3.s~. --0 " -1.3 .t;," (形"・') '2 f. and 5a f. (5.12) 
10£ sy f s300Mpa y 
£SU =i [100-0.ts(Jy -300)]£sy 300<:{y s 800Mpa (5.13) 
[2s-o.1(Jy-soo)]£sy soo<_{y或960Mpa
5.3.2. Stress-strain modelling of concrete 
The generalized effective stress-strain curves of concrete are shown in Figs.5 .10 and 5 .1. It can 
be seen that stress-strain curve of concrete increases firstly, then decreases after reaching the peak 





where /c is the compressive strength of confined concrete in CFT columns, and &c is the 
corresponding strain; /3is a parameter determining the shape of curve. 
The schematic curve for the proposed model of concrete is shown in Fig.5.9, where /cr is the 
residual stres. It should be noted that the stress obtained by Eq.(5.14) less than/cr will be taken as 
/cr. To obtain the curve of concrete, the peak point (&c/c), parameter /3 and the residual stress /cr 
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Fig.5.9 Proposed stress-strain curve for concrete in a CFT column 
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Fig.5 .10. Influence of column parameters on the stress-strain of core concrete 
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Fig.5.11 Size effect on the stress-strain of core concrete in CFT columns 
Fig.5 .10 and Fig.5 .1 suggest that compressive strength of confined concrete ice is affected by the 
column parameters and the size of column. Similar to紬，Amodel considering size effect is given as: 
。。 100 
fe = Rd,cfc,10 (5.15) 
where fc,10 is the compressive stress of confined concrete for the specimen with a diameter of 100 







































































Fig.5.12 Influence of column parameters on/cc,100 
Influence of column parameters on/cc,100 is given in Fig.5.12. It can be seen that a larger/cc,100 is 
achieved for specimen with a larger介， smallerJc, and/or smaller Dlt ratio. That is because such 
specimens provide better confinement effects for the core concrete, thus leading to a higher 
compressive strength. Based on the results, a simple model for /c,10 is proposed as: 
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Fig.5.13 Comparison of size effects of concrete in CFT column and plain concrete 
Size effect on the compressive strength of concrete can be seen in Fig.5 .1. Index Rct,c is used to 
indicate the reduction of concrete strength due to size efect, which of one typical specimen, i.e., C5-
74 
65-62.5-D, is given in Fig.5.13. Size effect of plain concrete, obtained by the model of sakino 
et.al.(i.e., Rd,pc=l.67Dc-o.1i2),is also shown in the figure for comparison, which is indicated by index 
Rd,pc-It can be seen that both Rd,cc and Rd,pc decrease with diameters. However, Rd,cc is generally larger 
than Rd,pc-That is because size effect of concrete is mitigated due to the confinement effect resulted 
from the steel tube. Based on the results of FE simulations, regression analysis was conducted to 
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Fig.5.14 The proposed model for Rd,cc 
(5.17) 
The proposed model with different confinement coefficient 17 is given in Fig.5.14. It can be seen 
that when 17 is large, Rtl,c is insensitive to diameter, indicating size effect is insignificant. With 
17 decreasing, diameters make more differences on index Rtl,c, indicating size effect becomes 
significant. It should be noted that when confinement coefficient 17 equals zero, i.e., no confinement, 
proposed model will be the same with that of plain concrete. 
Influence of column parameters and size on the strain知 atpeak point is similar to those on/cc. A 
model of &c considering size effect is then given as: 
& -。.8
辛=1 + 22oon-0・s / o.4s D 
8co 
Y exp(0.033/.J(1) (5.18) 
Similar analysis method is used to develop the models of residual stress危 givenas: 
ク=Rd,cr [ 2.8'½, 0・05 exp (-0.003.fc -0.0027 !l_ -1.41 t) ] (5.19) 
Rd,cr = -0.13exp (-0.0 lfc) D03 + 1.46 exp (-0.002.fc) (5.20) 
Parameter /Jmainly determines the shape of descending part. A higher value of /3 leads to a larger 
slope of descending part. Numerical studies suggest that /Jbasically increases with the ratio of 
compressive strength to residual stress of concrete /c位 Additionally,parameter f3was found to 
increase quickly with the increasing concrete strength due to the severely brittle behavior of concrete. 
On the other hand, high confinement effect could mitigate the brittle behaviors. That is, f3 decreases 
with confinement coefficient 17. A simple model for parameter /Jis then proposed as: 
75 
fJ~[ 0.88exp(0.0065 .fo)+ l.52f —1.86 }1-0.1~) (5.21) 
It should be noted that size呵 ecton the shape of descending part of concrete has been 
incorporated in the proposed model since models of/cc and/crhas considered the influence of column 
size. 
5.4. Verification of the proposed model 
A total of 221 CFT specimens are collected from previous studies to verify the performance of 
proposed model. All the collected specimens are stub columns with LID not more than 3.5. Details of 
collected specimens are summarized in Table 5.2. From the tables, it can be seen that the collected 
specimens cover a wide range of columns parameters, including D=60-l 020 mm; 分=176-853Mpa; 
Jc=l5-168 Mpa; D/t=l6.7-319.2. It should be noted that different test standards were used in previous 
studies to define the concrete strengths, which are al converted to the standard cylinder concrete 
strength Jc (obtained using a 150*300 mm cylinder concrete). The conversion relationship can be seen 
in Ref.[3]. 
The proposed model will be verified by comparing the predicted ultimate strength and load-
deflection relationship with test results and those obtained by two existing models. The two selected 
existing models are the ones of Sakino et al. and Katwal et.al., which are used because: (1). Katwal 
et al.'s model was one of the most sophisticated models, which was found to perform quite well for 
specimens with a wide range of parameters; (2). Sakino et al.'s model takes the size effect ofconcrete 
into account, which can be used to verify the performance of the proposed model for large-size CFT 
columns. It should be noted that although the proposed FBE models are simple and can easily obtain 
the ultimate strength and load-deflection relationship ofCFT columns by using Microsoft Excel, it is 
tedious to calculate al the results of the specimens collected in Table 5.2. For the sake of efficiency, 
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(c). Sakino et al.'s model (d). Modified Sakino's model 
Fig.5.15 Performance ofFBE models in terms of ultimate strength 
Table 5.2. Details of the collected small-diameter specimens 











































































































































































The ultimate strength of a column in this paper was defined by using the suggestion of Tao et al. 
[4]. That is, if the strain corresponding to the first peak load is less than 0.01, the ultimate strength 
will be taken as the first peak load; otherwise the load at the strain of 0.01 will be taken as the ultimate 
strength. Comparison of the ultimate strength obtained by the proposed model with the test results is 
shown in Fig.5.15(a). The mean value and coefficient of variation (CoV) of the ratio of the predicted 
results to the experimental results are 0.99963 and 0.09998, respectively, indicating good 
performance of the proposed model. Fig.5.15(b) shows the results ofKatwal et al.'s model, the mean 
value and CoV of which are 0.991700 and 0.100277, respectively. This suggests that the ultimate 
strength can be well predicted by Katwal et al.'s model, although size effect is not considered in their 
models. This is because the collected specimens generally have relatively higher confinement 
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coefficient r;, for which, based on Fig.5.14, size effects are insignificant. Results of Sakino et al.'s 
model is given in Fig.5.15(c), the mean value and CoV are 0.928001 and 0.117772, respectively, 
indicating the ultimate strengths are conservatively predicted. This is because size effects of concrete 
in CFT columns, based on the discussion in section 5.3, will be mitigated due to the confinement 
effect resulting from steel tube, which, thus, is overestimated in Sakino et al.'s model by roughly 
using the size effect model of plain concrete. Fig. 5.15(d) shows the results of modified Sakino's 
model, in which the size effect model of plain concrete is substituted by the proposed size effect 
model, i.e., Eq. (5.17). It can be seen that the performance is significantly improved. 
The prediction accuracy of proposed model for the load-deflection relationship (N-£1 L'.I) of small-
size CFT columns is illustrated in Fig. 5.16。Fourspecimens are carefully selected from the previous 
researches to cover a wide range of column parameters and material types. The predicted N-L'.I curve 
of a normal concrete filled steel tube (NCFT) column is compared with the experimental results in 
Fig. 5.16 (a), while that of a self-consolidating concrete filled steel tube (SCCFT) column is given in 
Fig. 5.16 (b). TheN湿L'.Icurve for the specimen using high strength steel ({y=853 Mpa) and that using 
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Fig.5.16 Comparison between the predicted Nー&/L1 curve and test results for small-diameter CFT 
columns 
It can be seen that both the proposed and Katwal et al.'s models perform well for NCFT column, 
whereas Sakino et al.'s model underestimates the post-yielded stage of the specimen for that the strain 
hardening of steel tube is not considered, in their model. For the SCCFT columns, the ascending part 
of the curve is predicted well by al the three models, but the descending part is predicted 
78 
conservatively by Katwal et al's and Sakino et al's models. Although the descending part is also not 
so well predicted by the proposed model, the accuracy of the proposed model is better than the 
existing models. For the specimen using high strength steel, al the three models predict the result 
quite well. For the specimen using high strength concrete, Katwal et al's model performs best. 
Although the proposed model slightly overestimates the post-yielded stage of the specimen, it predicts 
the result with reasonable accuracy. As discussed above, the proposed model was found to perform 
well for the small-diameter CFT columns with a wide range of column parameters and material types, 
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Fig.5.17 Comparison between the predicted N忍L1curve and test results for large-diameter 
CFTcolumns 
Performance of proposed model for the load-deflection curve of large-diameter CFT specimens 
is shown in Fig.5.17. The specimens are collected from Y.Y. Wang [21], W.J. Wang [24], and L. Zhu 
[26], diameters of which range from 358 mm to 819.1 mm. It was found that the ascending branches 
of the NぷL1curves are well predicted by al the three models. For the descending branch of the N-
ダL1curves, results of the proposed model generally agree well with the experimental results, whereas 
Katwal et al.'s model gives relatively conservative predictions. This is because Katwal et al's model 
was developed based on Tao et al's 3D FE model which is calibrated with the specimens with 
relatively small-diameters. Sakino et al.'s model was found to give conservative predictions for both 
the ultimate strength and post-yielded stage of the specimens for that the size effect of concrete, as 
mentioned above, is overestimated in their models. 
5.5. Conclusions 
In this paper, size effects on the effective stress-strain of steel tube and concrete are investigated 
based on a 3D FE model proposed by the authors, based on which, FBE models for axially loaded 
CFT columns were developed. The following conclusions can be drawn: 
• Size effects are not considered or overestimated in the existing models, thus the behaviors of 
large-size CFT columns are not well predicted by using these models. 
• Size effect of concrete in CFT columns is mitigated due to the confinement of steel tube, to 
predict which, a new model is developed based on the results of parametrical studies. 
• FBE models for axially loaded circular CFT columns are proposed, which are found to 
perform well for both small-and large-size CFT columns, and more accurate than the existing 
models by comparison with the results of experimental tests. 
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CHAPTER 6. ANALYSIS-ORIENTED MODELS FOR AXIALLY LOADED 
CIRCULAR CFT STUB COLUMNS CONSIDERING THE CONFINEMENT PATHS 
AND SIZE EFFECTS 
6.1. Introduction 
It is well known that strength and ductile of concrete will be significantly improved if lateral 
confinement is provided. To understand the behavior of confined concrete, experimental tes,ts that 
subjects the concrete specimen to a prescribed constant hydrostatic fluid lateral pressure, known as 
actively-confined concrete, were extensively conducted, based on which numerous stress-strain 
models were developed, e.g. Popovics [1] and Attard et al. [2]. These models are widely used to 
predict the behaviors of commonly used confined concrete structures (e.g. concrete-filled steel tube 
(CFT) columns, fiber-reinforced polymer (FRP)-confined concrete columns, and steel-reinforced 
concrete (RC) columns), known as passively-confined concrete, by assuming that the lateral stress of 
these structures was constant throughout the loading history. Although this method is simple and easy 
to use, it is obviously unreasonable for that the lateral stress of confined concrete in practical 
structures, generally changed with increasing axial compressive stress. 
To fix this drawback, analytical models [3-8] that simulate the varied lateral stress of passively-
confined concrete is proposed, by substituting the lateral stress in actively-confined concrete model 
with the varied lateral stress of passively-confined concrete calculated by Hook law in elastic stage 
and plasticity theory equation in plastic stage. It should be such analytical method is based on the 
assumption that the axial stress and strain of passively-confined concrete are the same with those of 
actively-confined concrete under an equivalent lateral stress, which is known as confinement path (or 
confinement path) independence. The validity of this assumption for FRP-confined concrete is 
assessed by Lim et al. [9] via experimental tests. Results suggest that the axial stress of FRP-confined 
concrete is dependent of confinement path. For steel-confined concrete, e.g., RC concrete and CFT 
columns, the lateral stress is almost constant after steel yielded, thus the axial stress of steel-confined 
concrete is generally considered path-independent [8, 1 O], which, however, is also found not true by 
Zhao and Lin [11, 12] who investigated the confinement path of confined concrete in axially loaded 
CFT columns and corresponding effect on the axial stress by testing 36 CFT specimens. 
To incorporate the influence of confinement path on the behavior of confined concrete, existing 
analytical models were revised recently by several researchers [9,10,13] who introduced a variation 
coefficient to indicate the difference between the actively-and passively-confined concretes. These 
revised analytical models were found to predict the load-deflection curve of FRP-confined concrete 
column well, but not so well for CFT columns with descending part. This is because the variation 
coefficients in the existing revised analytical models generally cannot well capture the difference 
between actively-and passively-confined concrete in later loading stage for that they are al 
established based on the models ofFRP-confined concrete, which generally failed due to the rupture 
ofFRP material in relatively early loading stage. Additionally, the FRP-confined concrete model they 
used to develop the analysis models are generally established based on the test results of relatively 
small-size specimens. Thus, the applicability of these models to large-size specimens are doubtful. 
Thus, the objective of this paper would be to establish an analytical model that could well predict 
load-deflection curve of both small-and large-size axially loaded passively-confined concrete 
columns with or without descending parts by incorporating the influence of confinement path and 
column size. This chapter would be organized as: development process of analytical model will be 
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introduced in section 6.2; verification of proposed model will be given in section 6.3; finally, 
conclusions will be drawn in section 6.4. 
6.2. Development of analytical model 
6.2.1. Base models 
Determining the difference between actively-and passively-confined concrete is the key to 
develQp such analytical model, for which three base models are necessary, i.e., stress-strain models 
of actively-and passively-confined concretes, and dilation model of concrete. 
6.2.1.1. Stress-strain model of actively-confined concrete 
Performance of several actively-confined models have been assessed by Chen et al.[13], and the 
stres-:-strain model of Popovics [1] combined with the peak stress model of Marques [15] and strain 
model of Teng et al. [8] was found the most accurate, which are given as followed: 




whereびczand ti:z are the axial stress and strain of concrete, respectively; /ac and£ac are compressive 
strength and corresponding strain of actively-confined concrete, respectively, which can be given by: 






where Jc is the strength of plain concrete; 0r is the lateral stress of confined concrete; &co is the axial 
strain of plain concrete at peak point, which is determined by: 
£co =700+172⑰ (6.4) 





where Ee is the elastic modulus of concrete, which can be determined by ACI 318-14 [16]: 
Ec=4700.fl (6.6) 
6.2.1.2. Stress-strain model of passively-confined concrete 
For the base model of passively-confined concrete, a model of confined concrete in CFT columns 
proposed by the author will be used. The reasons are listed as followed: 
(1). CFT columns generally experience plastic behaviors in the later loading stage, thus the 
difference between the actively-and passively-confined concrete in the later loading stage could be 
captured by using such model; 
(2). The model of confined concrete in CFT column proposed by the author has incorporated the 
size effect of concrete. Using this model as base model could extend the applicability of analytical 
model to large-size specimens. 
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The proposed model of confined concrete in CFT columns is shown in Fig.6.1. The form of 
stress-strain model proposed by Popovics is also adopted to describe the stress-strain of confined 





where /c is the compressive strength of confined concrete in CFT columns, and c5c is the 
corresponding strain; /J is a parameter determining the shape of curve湛ris the residual stress. The 
stress in the descending part will be taken as /cr if it is less than店
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Fig.6.1 Proposed stress-strain curve for concrete in a CFT column 
The peak point (~c/cc), parameter /J and the residual stress /cr in Fig.6.1 are al determined via 
regression analysis of the results of parametric studies by a 3D FE model proposed by the author in 
chapter 4, given as: 
ぃ~[1+20。8炉h~tn~'] (6.8) 
where Rd,c is a reduction coefficient accounting for the size effect of confined concrete, given as: 
R (i+1)-" -(o.112xo.ooos•) 
d,c =I.67 D (6.9) 
where De is the diameter of concrete section; 17 is a confinement coefficient, which is defined as: 
2t f r;= _L  
D-2t fc 
The strain &c corresponding to /c is given as: 
6co 
~= 1+2200D-08 .f/45 exp(-0.033.fc)(~r·s 
Similarly, a model ofresidual stress/cr considering the size effect is given as: 
t = Rd,cr [ 2.8'½0·05 exp(-0.003.fc -0.0027~)-1.41] 





Rd,cr =-0.13exp(-O.Olfc)か+l.46exp(-0.002fc) (6.13) 
Parameter /Jmainly determines the shape of descending part, which was proposed as: 
/h[ 0.88exp(0.0065.t;)+!.52f- —l.86]<!-0.b7) (6.14) 
6.2.1.3. Dilation model of concrete 
Dilation properties of concrete, i.e., the axial and lateral strain relationship, have been extensively 
investigated, and many models were established in previous studies. Recently, a unified dilation 
model was developed based on a careful interpretation of test results of concrete with different types 
of lateral confinement by J. G. Teng and L. Lam [8]. This model was widely used due to its high 
accuracy and thus also adopted in this paper: 
t~o.ss(s戸）[(1-0.75t『 -•,+t)] (6.15) 
where£cz and liヵarethe axial and lateral strain of concrete, respectively. 
6.2.2. Development process 
For actively-confined concrete, lateral confining stress is constant, which is independent of axial 
stres, which of passively-confined concrete, however, changes with axial stres. Relationship 
between axial stress and lateral stress is known as confinement path of concrete. Confinement path 
of actively-confined concrete is a horizontal line for that the lateral stress is constant. That of 
passively-confined concrete can be determined by following the flowchart shown in Fig.6.2. The two 
different confinement path lead to different behaviors of the two types of concrete. Determining the 
difference of the two types of concrete is the key to develop an analytical model. 
Fig.6.3 shows the stress-strain curves of passively-confined concrete and actively-confined 
concrete with three different lateral stress (i.e.,CYra,=1 Mpa, 4 Mpa and 7 Mpa), generated by the base 
models given in section 6.2.1. Before concrete fractured, the axial stress of passively-confined 
concrete increase firstly for that core concrete itself bears load. At this stage, the interaction between 
the concrete and confinement material is weak. After the axial stress reaching the compressive 
strength of concrete, the load carried by the concrete is released suddenly, then the axial stress 
decreased. Quick lateral expansion of concrete occurs at this stage due to the fracture of concrete, 
leading to an increasing confinement effect. With the load increase, a ful interaction between the 
concrete and confinement materials can be expected, and the axial stress of concrete keeps almost 
constant at this stage. The intersections of the curve of passively-confined concrete with those of 
actively-confined concrete are marked as Pi. At the intersections, the concretes under the two types 
of confinement have same axial stresses and strains, but generally experience different lateral 
confining stres. The confinement paths corresponding to the four curves in Fig.6.3 are given in 
Fig.6.4, from which the difference of the lateral stress of concrete under the two type of confinements 
can be clearly observed. To indicate the difference oflateral stresses of the two types of confinement, 
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Fig.6.3 Stress-strain curves of actively-confined concrete and concrete in a CFT column 
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Fig.6.4 Confinement paths of actively-confined concrete and concrete in a CFT column 
The process to determine variation coefficient pis given in Fig.6.5, which includes the following 
steps: 
Step 1: Determine the stress-strain curve of passively-confined concrete with the given basic 
parameters, 1.e.,fy,/c, D, t. 
Step 2: Given lateral stress o-rarO"raJ-I十△a; determine the stress-strain curve of actively-confined 
concrete 
Step 3: Find out the intersection point of the two curves, given a-az= O"cz 
Step 4: Determine the lateral stress of passively-confined concrete OrcJ at the intersection point. 
Step 5: Obtain variation coefficient PJ=Oi-aJI知
Step 6:j=j+ 1, repeat steps 2-6. 
Commercial software MATLAB is used to develop program for determining variation coefficient 
by following the flowchart in Fig.6.5. Generally, variation coefficient was found to be influenced by 
confinement ratio o-rf/c, confinement stiffness K=~o-rl~lh, concrete strength Jc, and diameter D. 
Variations coefficient of several specimens with a concrete strength of 75.82 Mpa and column size 
of 100 mm are shown in Fig.6.6. It can be seen that variation coefficient decreases with confinement 
ratios Oi-1/c (or stiffness K) firstly, and then increases again, which is consistent with the observation 






th,=th,i-1 + Ath 
知=知-1十△Oi-a
Eqs.(1)-(6) 
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Fig.6.6 Influence of Kand Oi-1/c on variation coefficient 
Based on the results, a model for variation coefficient p will be given as: 
p=max (Pi, P2) (6.17) 
where pi and肛 arevariation coefficients at stage one and two, respectively. 
6.2.3. Development of variation coefficient 
At stage one, variation coefficient is generally influenced by confinement ratio p/fc, confinement 




where g1(0r佐， K)is a function that considering the influence of Oi-/fc and K; g2(/c) and g3(D) are 
functions accounting for the influence of Jc and D, respectively. 
Influence of 0r/fc, K,Jc and D will be investigated based on a series of specimens designed based 
on a column reported in Ref. [17] which has the column parameter of /y=291 Mpa汲=75.82Mpa;
D=469mm; t=4.66 mm. The designed specimens are divided into three groups. The specimens in 
group 1 are used to study the influence of O"r/fc and K, i.e。,g1(噸，K).The Dlt ratios of the specimen 
in group 1 are changed for achieving different confinement ratios o-r/fc and stiffness K. It should be 
noted that the influences of concrete strength and size have been eliminated since that al the 
specimens in this group have a same Jc and D. Commercial software MATLAB is used to develop 
program for determining variation coefficient by following the flowchart in Fig.6.5. 
Fig.6.7 shows the relationship between variation coefficient and 0r/fc with different K. For a 
given K, variation coefficient was found to decrease with increasing 0r/fc. Additionally, with the 
increase of K, variation coefficient decreases firstly, then increases again. Based on the results in 
Fig.6.7, the functiong1 can be given in the following form: 
g,~{IJ (6.19) 
where parameters a and b are related to K. 
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as: 
Table 6.1 Designed 
~、 . 
Specimens h 








Group 2 No.21 291 
No.22 291 
No.23 291 
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Fig.6. 7 Relationship between variation coefficient and 0rl/c with different K 
Regression analysis was conducted to propose models for the two parameters, which can be given 
a= -0.53K024 +exp (O. lK) 
b = 0.0006K3 -0.1 
(6.20) 
(6.21) 
Function g2(/c), indicating that the influence of concrete strength on variation coefficient, will be 
developed by using the specimens in group 2 and specimen No.I in group 1, which have a same 
concrete strength and column size. The proposed model g1, i.e., Eqs. (6.20)ー(6.22),are used to 
determine the variation coefficients of these specimens. The difference between the results calculated 
by g1 and those obtained by following the flowchart in Fig.6.5 will be the influence of Jcon variation 
coefficient, i.e., g2(/c). 
Several typic stress-strain curves of passively-and actively-confined concrete are given in Fig. 
6.8. It can be seen that the behaviors of concrete column at the pre-fracture stage is similar, which at 
the post-fracture stage are quite different. Especially, for high-strength concrete, sudden drop of stress 
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generally occurs at the moment of fracture of column. That is to say, the influence of concrete strength 
on the behaviors of concrete column varies during the stage of loading, which lead to a result that 
influence of concrete strength on variation coefficient, i.e., g2([c), changes. Reasonably modelling 
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Fig.6.8 Influence of Jcon stress-strain curves of concrete 
Fig.6.9 shows the confinement sti師 ess(K) of the specimens in group 2 during the loading 
process. It can be seen that K increase firstly, then decreases after reaching a peak value. Additionally, 
the slope of the descending part is influenced by concrete strength. The higher the concrete strength, 
the steeper the slope, which is similar to the influence of concrete strength on the stress-strain curve. 
This suggests that the varied confinement stiffness K may could be used to characterize the varied 
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Fig.6.9 Confinement stiffness of concrete for the specimen in group 2 
Relationship between g2 and K is then investigated, which for the specimen in group 2 is shown 
in Fig.6.10. Based on the results, function g2 can be modelled in a linear form, i.e., g戸 c1+cぷ where
parameter c2 and c2 are determined by concrete strength. From the figure, it can be seen that specimen 
with higher strength concrete has a lower c1 but larger c2. A model for g2 is then proposed as: 
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Fig.6.10 Relationship between g2 and K with different concrete strength 
Function g3(D) indicates that the influence of column size on variation coefficient and will be 
developed by using the specimens in group 3 and specimen No. I in group 1. Function g屯2(g1 times 
g2), is used to determine the variation coefficients of these specimens. The difference between the 
results calculated by g屯2and those obtained by following the flowchart in Fig.6.5 will be the 
influence of D on variation coefficient, i.e., g3(D). Results suggest that influence of column size on 
the variation coefficient is similar to that of concrete strength. Thus, a method similar to that of g2 is 
used to develop the function g3. Based on regression analysis, a model for g3 is given as: 
g3=1.07-l.94x10-6D[IOO+D0・88exp(-3K2)] . (6.23) 
At stage two, variation coefficient is mainly affected by p/.fc, K and diameter D. This may be 
because core concrete fractured at this stage, the behavior of specimen would mainly be influenced 
by the properties of confinement material, i.e., confinement ratio p/.fc and confinement stiffness K. A 
similar development flow with that used to propose model of pi is adopted for肛 Amodel for the 
variation coefficient at stage two is then proposed as: 
p,~,-{;;f')(正](1-4x104 D) (6.24) 
6.3. Verification of the proposed model 
The specimens collected in chapter 5 will be used to assess the performance of the proposed model. 
Flowchart for implementing the proposed model is given in Fig. 6.11, by following which the ultimate 
strength and load-deflection curves can be obtained. It should be noted that in elastic stage, the stress 
of steel tube is determined by generalized Hook law, which in plastic stage is calculated by the 
incremental Prandtl-Reuss equation. The details can be seen in Appendix. 
Comparison of the ultimate strength obtained by the proposed model with the test results is shown 
in Fig.6.12. Results of an existing model proposed by Chen et al.[13] is also given in the figure for 
comparison. The mean value and coefficient of variation (CoV) of the ratio of the predicted results to 
the experimental results are 1.0026 and 0.1103, respectively, which of existing model are 1.0630 and 
0.1154, respectively. Results suggest that the ultimate strengths are well predicted by the proposed 
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Fig.6.12 Predicted ultimate strength versus test results 
In terms of prediction accuracy for load-deflection curves, ten specimens, carefully selected from 
the previous researches to cover a wide range of column parameters, i.e., a wide range of steel strength, 
concrete strength and column size, and material types, including normal concrete and self-
consolidating concrete, were used to verify the performance of the proposed model. The calculated 
results are shown in Fig.6.13. It can be seen that load-deflection curves of the specimen without 
descending part is well predicted by the existing model, while those of specimens with descending 
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parts are generally poorly predicted. This is because the model of FRP-confined concrete, which 
generally did not include the post-fracture part of concrete, was used to develop the existing model. 
On the other hand, the proposed model generally performs well for both the small-and large-size 
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Fig.6.13 Predicted N妥 L1curves versus test results 
6.4. Conclusions 
The effective stress-stain model of concrete in CFT columns proposed in Chapter five was used 
to investigate the difference of lateral stress between passively-and actively-confined concrete with 
same axial strain and stress, based on which a new analysis-oriented model was proposed. 
Conclusions can be drawn as: 
I). The behaviors of CFT column, especially for those with descending parts, are generally not 
well predicted by existing models 
2). A new analysis-oriented model incorporating the influence of confinement path and size is 
proposed, which is found to perform well for both small-and large-size specimens and more accurate 
than the existing model 
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Appendix 
The von Mises stress (or the equivalent stress) O"e is used to determine the stress state of the steel 
tube: 
2 2 
Ge= Jaz―”ぶ＋び。 (6.25) 
In the elastic stage (aeくfy),the stress of the steel tube is calculated by the generalized Hooke 
law: 
｛ご}~l~A~ 言:} (6.26) 
In the plastic stage (O-e 2: ん），thestress of the steel tube is calculated by the incremental Prandtl-
Reuss equation: 
t"}~ 叶―s,s,+2vq s,'+ 2q ]t"・} 
dash Q 紺+2q -sふ +2vq d&h 
The scalar dyis given by: 
Q=紺+S22+2vSぶ +2H(I-v)cr//(9G)
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CHAPTER 7. SUMMARIES 
In this research, the potential influence of confinement path and column size on the behaviors 
of circular CFT columns are investigated, based on which models incorporated such influences are 
proposed. The conclusions obtained in this research will be briefly summarized as follows: 
Chapter 2. Confinement paths of confined concrete in circular concrete loaded CFT stub 
columns subjected to axial load 
1). The confinement effect of confined concrete is influenced not only by the ultimate confining 
stress but also by the confinement path. The compressive strength model of actively confined concrete 
is generally not applicable to confined concrete in a CFT column due to the different confinement 
paths. 
2). Confinement path of confined concrete in a CFT column P; is affected by the parameters of 
the column such as unconfined concrete strength, stel strength and Dlt ratio. The proximity of 
confinement path P; to path凡 isindicated by the laterally dominant index. The results show that 
specimens with higher strength ratio A必 and/orsmaller Dlt ratio tend to achieve a higher laterally 
dominant index, thus yielding a confinement path that is in a closer proximity to path Pa-
3). The compressive strength of confined concrete cannot be simply considered path-dependent 
or path-independent. Results suggest that the confinement path effect on the compressive strength of 
confined concrete is significant for the concrete under the confinement path with a small laterally 
dominant index, which however could be neglected if the laterally dominant index exceeds 0.5. 
4). The experimental tests indicated that the concrete core in a CFT column is generally confined 
by a confinement path with a laterally dominant index less than 0.5. Therefore, to better determine 
the compressive strength of confined concrete in a CFT column, the confinement path effect should 
be considered. 
5). Models were established for the effect index and the laterally dominant index, based on which 
a compressive strength model incorporating the confinement path effect was developed for the 
confined concrete in a CFT column. Good performance was found in comparison with the 
experimental results. 
Chapter 3. Confinement paths of confined concrete in axially loaded circular CFT stub 
columns 
1). The influences of the column parameters, such as unconfined concrete strength, steel strength 
and Dlt ratio upon the confinement paths of confined concrete in the whole-section-loaded CFT 
columns are different from those in concrete-loaded CFT columns. The confinement path in the pre-
fracture stage of the core concrete seems to be influenced more by the steel strength than by the 
concrete strength and the Dlt ratio, whereas the confinement path in the post-fracture stage of the core 
concrete is affected by al the parameters. The strengths of the concrete and the steel tube influence 
the slope of the confinement path in the post-fracture stage of concrete, the length of which, however, 
is affected by the Dlt ratio. 
2). The confinement path in the whole-section-loaded CFT column generally yielded a longer 
OA part, a shorter and lower AB part, a lower BC part with a shorter plateau, and a shorter CD part 
with a larger slope, leading to a smaller lateral stress domination index than that in the concrete-
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loaded CFT column, which indicates that the lateral stress plays a less dominant role in the confined 
concrete of whole-section loaded CFT columns. 
3). The compressive strength of confined concrete in both the whole-section-loaded and the 
concrete-loaded CFT columns with small confinement coefficients were path-dependent. The effect 
indices of the whole-section-loaded CFT columns are generally smaller than those of the concrete-
loaded CFT columns, which indicates that the confinement effects of the concrete in the former are 
worse than those in the later. For the confinement coefficient 17 less than about 0.2, the confinement 
effects of the concrete under the two loading conditions are nearly the same. 
4). With the increase of the confinement coefficient, the effect indices of both the whole-section-
loaded and the concrete-loaded CFT columns are equal to unity, which means the compressive 
strengths of confined concrete are path-independent for the CFT columns under the two loading 
conditions. 
5). A compressive strength model incorporating the confinement path effect was developed for 
the confined concrete in CFT columns under the two loading conditions. Good performance was 
verified in comparison with the experimental results. 
Chapter 4. Numerical study of the behaviors of axially loaded large-diameter CFT stub 
columns 
1). The existing model predicts conservative results for large-diameter columns. A unified model 
applicable to both the small-and large-diameter CFT stub columns is proposed, which is verified by 
comparison with the experimental results of214 collected specimens with diameters ranging from 60 
mm to 1020 mm and those predicted by the existing model. Results predicted by the proposed model 
are found to agree well with the experimental data for both small-and large-diameter CFT columns 
and more accurate than the existing model. 
2). Normalized axial strength of steel tube is only significantly influenced by the steel strength 
and D/t ratio. A lower normalized axial strength of steel tube is generally yielded for the specimen 
with a higher strength steel and/or larger Dlt ratio. 
3). Normalized axial strength of concrete is significantly influenced by the concrete strength, D/t 
ratio, and the size of column D. A lower normalized axial strength of concrete is generally yielded 
for the specimen with a higher strength concrete, larger D/t ratio, and/or lager size of column. 
4). Size effects are significant for the core concrete in CFT columns, which, however, are not for 
the steel tube. 
5). Additionally, size effect on the behavior of core concrete in the CFT column is found 
mitigated due to the confinement effect resulting from the steel tube. 
Chapter 5. Design-oriented stress-stain models for axially loaded circular CFT stub columns 
considering the size effects 
1). Size effects are not considered or overestimated in the existing models, thus the behaviors of 
large-size CFT columns are not well predicted by using these models. 
2). Size effect of concrete in CFT columns is mitigated due to the confinement of steel tube, to 
predict which, a new model is developed based on the results of parametrical studies. 
3). FBE models for axially loaded circular CFT columns are proposed, which are found to 
perform well for both small-and large-size CFT columns, and more accurate than the existing models 
by comparison with the results of experimental tests. 
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Chapter 6. Analysis-oriented models for axially loaded circular CFT stub columns 
considering the confinement paths and size effects 
1). The behaviors of CFT column, especially for those with descending parts, are generally not 
well predicted by existing models. 
2). A new analysis-oriented model incorporating the influence of confinement path and size is 
proposed, which is found to perform well for both small-and large-size specimens and more accurate 
than the existing model. 
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